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Abstract
In this thesis, the physics of birds phonation is discussed using a two-mass models ap-
proach and the theory of nonlinear dynamics. Two-mass models of the human larynx
(rescaled two-mass model and trapezoidal model) have been adapted to the dimension of
the avian syrinx to study pressure onset, control of harmonic overtones and “registers”
of the sound radiated by the birds vocal organ (syrinx) in the absence of source-tract
coupling. Our simulations are a first step towards more realistic modelling of the sy-
rinx. A detailed bifurcation analysis of the trapezoidal model confirms that the geometry
and the rest position of the syrinx can influence the harmonic spectra drastically, sug-
gests possible mechanisms involved in the production of rich-harmonic spectra during
inspiration and is used to describe quantitatively the contribution of syringeal muscles.
The latter is implemented in the model by means of driving time-dependent parameters
controlling the labia rest position and frequency modulation. The main focus of the
present work is on:
• mathematical modelling of the avian syrinx to study the effects of small dimen-
sions on the pressure onset and the effects of the syrinx geometry and rest position
on the harmonic spectra of the sound produced at the vibrating source.
• bifurcation analysis of the trapezoidal model. Results are employed in the imple-
mentation of syringeal muscles by means of time-dependent parameters and con-
tribute to explore possible mechanisms involved in the production of more rich
harmonic spectra, in particular regarding the inspiratory part of the vocalization
of a ring dove (coo).
• model implementation of time-dependent parameters to study quantitatively the
contribution of the syringeal muscles on the labia rest areas and control of the
fundamental frequency.
In Chapter 3, we analyze two symmetric two-mass models of the avian syrinx. Our
first model (rescaled two-mass model) applies to songbirds and is a rescaled version of
the well-known human two-mass model. Our second model (trapezoidal model) intro-
duces a smoother geometry and is used to simulate the ring dove (Streptopelia risoria)
syrinx. Simulations show that both models exhibit self-sustained vibrations and that the
intensity of harmonics depends strongly on the configuration of the syrinx. The rescaled
two-mass model does not present instabilities. The trapezoidal model, however, displays
coexisting limit-cycles that represent vibrations with, and without collisions at the same
pressure. Register-like transitions are accompanied by subharmonics and deterministic
chaos. In the rescaled two-mass model almost pure tones are found near the onset of
vibrations and strong harmonics appear at higher pressures due to collisions. For a small
upper mass and a rectangular geometry, collisions leading to strong harmonics can be
avoided only near the phonation onset. At higher pressures counteracting forces would
be required to diminish collisions. We hypothesize that the avoidance of strong colli-
sions in song birds might be achieved by the medial tympaniform membranes (MTM)
that are continuous with the inner vibrating labia. In our model of the ring dove syrinx
no collisions occur at default parameters. Consequently, harmonics are fairly weak. The
smoother configuration and equal upper and lower masses counteract collisions even at
relatively high pressures. This is presumably due to a stronger effect of the subsyringeal
pressure acting on both masses. Our simulations reveal that the configuration of the
syrinx influences the intensity of overtones. Therefore, the amount of energy in the
harmonics could also be controlled by syringeal muscles that directly affect the config-
uration of the syrinx.
In Chapter 4 we aim to study the contribution of different control parameters in the
coo of the ring dove at the syrinx level. The biomechanics of the syrinx, in fact, is very
complex and not well understood. The neuromuscular control of vocalisation in birds
requires a complicated and precisely coordinated motor control of the vocal organ (i.e.
the syrinx), the respiratory system and upper vocal tract. We designed and implemented
a quantitative biomechanical syrinx model, i.e., a slightly modified version of the trap-
ezoidal model that is driven by physiological control parameters and includes a muscle
model. Our simple nonlinear model reproduces the coo, including the inspiratory note,
with remarkable accuracy and suggests once more that harmonic content of song can be
controlled by the geometry and rest position of the syrinx. Furthermore, by systemati-
cally switching off control parameters, we demonstrate how they affect amplitude and
frequency modulation and we generate new experimentally testable hypotheses. Inde-
pendent control of amplitude and frequency is not possible with the simple syringeal
morphology of the ring dove. We speculate that songbirds evolved a syrinx design that
uncouples the control of different sound parameters and allows for independent con-
trol. This evolutionary key innovation provides an additional explanation for the rapid
iv
diversification and speciation of the songbirds.
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Zusammenfassung
In dieser Arbeit wird die Physik der Stimm- und Lautbildung von Vögeln untersucht,
wobei zwei verschiedene Zwei-Massen-Modelle des menschlichen Kehlkopfes, sowie
die Theorie der Nichtlinearen Dynamik verwendet werden. Die Zwei-Massen-Modelle
des menschlichen Kehlkopfes (ein angepasstes Zwei-Massen-Modell und ein Trapez-
Modell) wurden dazu an die Größe des Stimmorgans der Vögel (Syrinx) angepasst, um
die Druckentstehung, die Steuerung der harmonischen Obertöne und “Register” stu-
dieren zu können, die vom Syrinx ohne Kopplung an Quelle und Vokaltrakt erzeugt
werden. Unsere Simulationen sind ein erster Schritt in Richtung eines realistischeren
Modells der Syrinx. Eine detaillierte Bifurkationsanalyse des Trapezmodells bestätigt,
dass die Geometrie und die Ruhelage der Syrinx das harmonische Spektrum drastisch
beeinflussen können, und sie gibt Hinweise über mögliche Erzeugungsmechanismen
der reichhaltigen harmonischen Spektren während der Einatmung. Des weiteren wird
die Bifurkationsanalyse benutzt, um den Beitrag der Muskeln der Syrinx quantitativ zu
beschreiben. Dies geschieht in dem Modell mit Hilfe von zeitabhängigen Parametern,
welche die Ruhelage der Labia und die Frequenzmodulation steuern. Diese Arbeit hatte
folgende Schwerpunkte:
• Mathematische Modellierung der Syrinx von Vögeln, um den Einfluss ihrer Größe
auf die Druckentstehung, sowie den Einfluss ihrer Geometrie und Ruhelage auf
das harmonische Spektrum der Klangquelle zu untersuchen.
• Bifurkationsanalyse des Trapezmodells. Die Ergebnisse dieser Analyse wurden
genutzt, um die Muskeln der Syrinx berücksichtigen zu können. Dies geschieht
durch zeitabhängige Parameter variationen. Des weiteren konnte die Bifurkations-
analyse dazu beitragen, Vermutungen über mögliche Erzeugungsmechanismen
der reichhaltigen harmonischen Spektren, insbesondere während der Einatmungs-
phase der Stimmgebung einer Lachtaube (coo), aufzustellen.
• Implementation der zeitabhängigen Parameter in das Modell, um quantitative
Aussagen über den Beitrag der Muskeln der Syrinx auf die Ruhepositionen der
Labia und die Steuerung der Grundfrequenz zu erhalten.
Im Kapitel 3 haben wir zwei symmetrische Zwei-Massen-Modelle der Syrinx eines Vo-
gels analysiert. Unser erstes Modell kann auf Singvögel angewandt werden, und ist eine
an die Größe angepasste Version des bekannten Zwei-Massen-Modells des Menschen.
Unser zweites Modell (das Trapezmodell) führt eine geglättete Geometrie ein und wird
benutzt, um die Syrinx der Lachtaube (Streptopelia risoria) zu simulieren. Die Simu-
lationen zeigen, dass beide Modelle selbst-erhaltende Vibrationen aufweisen und dass
die Intensität der Harmonischen stark von der Konfiguration der Syrinx abhängt. Das
erste Modell wies keine Instabilitäten auf. Das Trapezmodell hingegen zeigte gleich-
zeitig existierende Grenz-zyklen, die Vibrationen mit und ohne Syrinx-schluss darstel-
len. Register-ähnliche Übergänge werden von Subharmonischen und deterministischem
Chaos begleitet. In dem an die Größe angepassten Zwei-Massen-Modell werden nahe-
zu reine Töne in der Nähe des Einsatzpunktes der Vibrationen gefunden. Des weiteren
entstehen durch Kollisionen bei höherem Druck starke Harmonische. Verwendet man
eine kleine obere Masse und eine rechteckige Geometrie, dann können diese Zusam-
menstöße, welche starke Harmonische verursachen, nur in der Nähe des Einsatzpunktes
der Stimmbildung umgangen werden. Bei höheren Drücken würden entgegenwirkende
Kräfte notwendig sein, um diese zu vermindern. Unsere Hypothese ist, dass die starken
Zusammenstöße bei Singvögeln durch die “medial tympaniform membranes” (MTM)
verhindert werden, welche stetig mit der inneren vibrierenden Labia verbunden sind. In
unserem Modell der Syrinx der Lachtaube gab es mit Standardparametern keine Kolli-
sionen. Dadurch sind die Harmonischen sehr schwach ausgeprägt. Die geglättete Konfi-
guration mit der gleichen oberen und unteren Masse wirkt den Zusammenstößen selbst
bei relativ hohen Drücken entgegen. Das ist vermutlich auf einen stärkeren Einfluss des
subsyringealen Drucks zurückzuführen, welcher auf beide Massen wirkt. Unsere Simu-
lationen zeigen, dass die Konfiguration der Syrinx die Intensität der Obertöne beein-
flusst. Daher kann die Energie in den Harmonischen auch von den syringealen Muskeln
gesteuert werden, die direkten Einfluss auf die Konfiguration der Syrinx haben.
In Kapitel 4 ist es unser Ziel, den Einfluss verschiedener Steuerparameter der coo der
Lachtaube auf Höhe der Syrinx zu untersuchen. Die Biomechanik der Syrinx ist jedoch
sehr komplex und nicht gut verstanden. Die neuromuskuläre Steuerung der Stimmer-
zeugung in Vögeln setzt eine komplizierte und präzise koordinierte Bewegung des Vo-
kalorgans (Syrinx), des Atmungsorgans und des oberen Vokaltraktes voraus. Wir haben
ein quantitatives biomechanisches Syrinx-Modell entwickelt und implementiert. Dieses
Modell ist eine leicht modifizierte Version des Trapez-Modells ist, welches durch phy-
siologische Steuerparameter angetrieben wird und zusätzlich ein Modell der Muskeln
enthält. Unser einfaches nichtlineares Modell reproduziert die coo, inklusive spezifische
Eigenschaften bei der Einatmung, mit erstaunlicher Genauigkeit und legt erneut nahe,
dass der harmonische Inhalt eines Gesangs durch die Geometrie und Ruhelage der Sy-
rinx gesteuert wird. Des weiteren zeigen wir, wie die Amplituden- und Frequenzmo-
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dulation durch systematisches Ausschalten der Steuerparameter beeinflusst wird, und
erzeugen somit neue experimentell überprüfbare Hypothesen. Die unabhängige Steue-
rung der Amplituden- und Frequenzmodulation ist mit der einfachen syringealen Mor-
phologie der Lachtaube nicht möglich. Wir vermuten, das Singvögel durch die Evolu-
tion einen Aufbau der Syrinx entwickelt haben, der verschiedene Steuerparameter der
Klangerzeugung entkoppelt und somit deren unabhängige Steuerung ermöglicht. Die-
se evolutionäre Neuerung bietet eine weitere Erklärung für die schnelle Diversifikation
und Spezifikation von Singvögeln.
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The evocative power of bird songs represents an extremely interesting problem for the
scientific community. Among birds, songbirds (Oscines), parrots and hummingbirds
share with humans the remarkable feature of learning their vocalisations after a cer-
tain degree of exposure to a tutor. For these reasons, the possible existence of common
principles of learning and memory underlying human speech and birdsong has made Os-
cines an excellent and widely used model system for sensorimotor learning and human
speech acquisition (Doupe and Kuhl, 1999). The control of the fundamental frequency
of the sound and the gating of sound elements happens at the level of the syrinx (Gree-
newalt, 1968; Goller and Suthers, 1996a,b; Elemans et al., 2004). By illuminating the
mechanisms by which the activities of different syringeal muscles control the avian vo-
cal organ for song production, several models have been developed to build a bridge
between neural activity and the physical manifestation of the motor control, i.e., the
song (Laje et al., 2002; Laje and Mindlin, 2002; Mindlin et al., 2003; Laje and Mindlin,
2005; Mindlin and Laje, 2005).
However, the biomechanics and neuromuscular control of the syrinx, which in birds
is located at the bifurcation of the trachea into the bronchi, is very complex and not well
understood. An emergent model organism to study the biomechanics of phonation and
its control is the ring dove (Streptopelia risoria). The syrinx morphology of this species
is relatively simple with only two paired muscles controlling its geometry, compared
to 6-8 pairs in most songbirds (King, 1989). Because this non-songbird does not learn
the syntax of its species-specific song as songbirds do (Nottebohm, 1972), it is of less
interest to study learning. However, juveniles of a closely related species still require
motor practice to utter the final characteristic coo (Ballintijn and ten Cate, 1997), which
indicates that the individuals must go through numerous iterations to match their vocal
output with some sort of neural template.
1. Introduction
Let alone vocal learning, the mechanisms underlying the great variety of birds vo-
cal utterances, the extremely complex structure of some songs and the quality of some
sounds represent a further interesting scientific problem. Only in last years the under-
standings of mechanisms underlying sound production in birds advanced very rapidly
(Elemans et al., 2003). Despite the existence of several qualitative models to explain
sound generation in birds (Greenewalt, 1968; Gaunt and Gaunt, 1985; Goller and Larsen,
2002), until recent years there were very few attempts, compared to the situation for the
human larynx and vocal tract, to analyze the avian vocal organ, the syrinx, in quantita-
tive terms (Brackenbury, 1979; Fletcher, 1988). For decades, the most widely accepted
mechanism of sound production in birds (classical model) identified an edge-clamped
membrane present in the syrinx (the MTM) as the vibrating structure, while a soft tissue
mass, the lateral labia (LL) were thought to provide constriction of the syringeal lumen
(Greenewalt, 1968; Casey and Gaunt, 1985; Gaunt and Gaunt, 1985, and references
therein). More recently, Goller and Larsen (1997a,b) demonstrated that labia (medial
labia, ML, in songbirds, lateral tympaniform membranes, LTM, in pigeons), rather than
thin membranes, are the source of sounds in birds. Mathematical modelling of the avian
syrinx has received a new impulse due to these findings, suggesting that sound genera-
tion mechanism in birds could be similar to that operating in human phonation (labial
model). In this new perspective, the syrinx system is amenable to nonlinear dynamics
analysis, which can provide an entirely different perspective on the underlying basis of
phonatory function (Titze et al., 1993). Human vocal production demonstrates that cer-
tain irregular phenomena seen in human pathological voices and baby crying result from
nonlinearities in the vocal production system (Mende et al., 1990; Herzel and Wendler,
1991; Titze et al., 1993; Herzel, 1993; Herzel et al., 1994), and equivalent phenomena
are quite common in nonhuman primate vocal repertoires (Wilden et al., 1998; Fitch
et al., 2002; Tokuda et al., 2002). In birds, it has been shown that, rather than direct
muscular manipulation, the origin song features (frequency-mode locking and register
transitions) in the zebra finch (Taeniopygia guttata) are due to intrinsic (nonlinear) dy-
namics in the syrinx. As a check consistency, a model based on two-mass models of
human phonation (Ishizaka and Flanagan, 1972) has been developed (Fee et al., 1998;
Fee, 2002). Songbirds syrinx is a complex bipartite structure whose two sides are po-
tentially capable of acting either independently or together to produce sound (Suthers,
1990; Suthers et al., 1999). Laje and Mindlin (2005) proposed a model to study the
acoustic interactions between their two sound sources, as well as the acoustic coupling
between sources and vocal tract, suggesting that there could be mechanisms, other than
intrinsic nonlinearity of the labia, underlying complex features in the radiated sound.
Moreover, the ability of some bird species to produce pure tonal sounds has always
turned into an interesting scientific problem which is still widely debated (Klatt and Ste-
fanski, 1974; Nowicki, 1987; Williams et al., 1989; Nowicki et al., 1992; Beckers et al.,
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2003a, 2004; Riede et al., 2004; Fletcher et al., 2004): some species have whistle-like
songs and not much energy is found in the harmonics (Nowicki et al., 1992), whereas
other species, such as the zebra finch (Taeniopygia guttata), display strong harmonics
during song or calls. In this framework, theoretical difficulties of the classical model
in explaining how a vibration-based mechanism can generate pure tonal sounds led to
alternative hypothesis, e.g., vortex shedding through a fixed constriction of the syrinx
(whistle model) with no vibrations involved, in a similar manner to that operating in
a hole-tone whistle (Gaunt et al., 1982; Casey and Gaunt, 1985). However, experi-
mental evidence by means of songs recorded in heliox atmosphere (which speeds up
sound velocity, and consequently, in case of a hole-tone whistle mechanisms, should
also shift upwards the fundamental frequency) did not induce substantial shifts of funda-
mental frequency in any of the investigated species (songbirds: Nowicki, 1987; pigeons:
Ballintijn and ten Cate, 1998; parrots: Brittan-Powell et al., 1997b). These findings pro-
vide evidence for a vibration-based mechanism, but do not make it possible to discern
between the classical model (membrane vibration hypothesis) and alternative models
such as the labial model. In this case, the most compelling evidence which undermines
the assumption of vibrating membranes came from Goller and Larsen (1997a,b).
Therefore, there are currently three hypothesis to explain possible mechanisms un-
derlying the production of pure tonal sounds (Beckers et al., 2003a): 1) a vibrating
valve produces a multifrequency harmonic source sound which is linearly filtered by
trachea resonances (source-filter model) widely used to model the human vocal tract
(Fant, 1960), 2) vocal tract resonances are coupled to a vibrating valve and suppress-
ing the normal production of harmonics at the source (analogous to human soprano
singing), 3) pure-tone sound is produced by a yet-unknown source mechanism. In ring
doves (Streptopelia risoria) it has been shown that there is direct evidence to support
the source-filter model for the suppression of higher harmonics (Beckers et al., 2003a),
and that the combined influence of the trachea, glottis and inflated upper esophagus acts
as an effective band-pass filter to eliminate higher harmonics generated by the syrinx
(Riede et al., 2004; Fletcher et al., 2004). In songbirds, the inaccessibility of the sy-
rinx and the relatively small size of songbirds make experimental tests more difficult.
Moreover, because of the complex morphology of the oscine syrinx, several hypothe-
sis still hold, and several mechanisms can not be ruled out entirely, even aerodynamic
processes such as the whistle hypothesis for some bird species (Ballintijn and ten Cate,
1998; Goller and Larsen, 2002; Beckers et al., 2003a). Recently, Riede et al. (2006) have
shown how songbirds seem to tune their vocal tract to match the fundamental frequency
of the song. However, it is not necessary to invoke source mechanisms radically differ-
ent from valves vibrating largely independently from resonant cavities such a trachea
and beak, to explain pure-tonality (Beckers et al., 2003a).
In this framework, this text deals with modelling of the avian vocal organ, the syrinx,
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with particular attention to the syrinx of the ring dove (Streptopelia risoria) and the as-
sociated superfast syringeal muscles affecting syrinx variations in geometry and tension
(Elemans et al., 2004, 2006). We will first adapt two modified versions of the well-
known two-mass model (widely used to study vocal fold vibrations) to the dimensions
of the bird syrinx. These core models allow comprehensive bifurcation analysis and we
can address basic questions: Do we find reasonable vibrations of the masses even for
much smaller geometries? Can a modified geometry (adapted to the syrinx anatomy)
influence voice onset and harmonic spectra? Furthermore, we will incorporate the dy-
namic control of associated superfast syringeal muscles in the trapezoidal model. This
will allow a quantitative comparison of observed bird songs and simulations.
In Chapter 2, the mechanism of sound production in humans based on the myo-
elastic aerodynamic theory of phonation (van den Berg et al., 1957) will be reviewed.
The myo-elastic aerodynamic theory implies that phonation can be regarded as a biome-
chanical aerodynamical system. Biomechanics and aerodynamics employed in vocal
folds modelling will be reviewed, and we will describe the two-mass models of human
phonation which will be recalled in the models of the avian syrinx. As a bridge between
humans and birds, an introduction to the theory of nonlinear dynamics will be given and
will be related to phonation and animal vocalization. The final section will describe the
anatomy of birds syrinx, the mechanisms of sound production in birds, and the avian
models developed in the last years, divided into classical and modern, relative to the
findings of Goller and Larsen (1997a,b).
In Chapter 3, we will analyze two symmetric two-mass models of the avian syrinx.
Our first model (rescaled two-mass model) applies to songbirds and is a rescaled version
of the well-known human two-mass model (Ishizaka and Flanagan, 1972; Steinecke and
Herzel, 1995). Our second model (trapezoidal model) introduces a smoother geometry
as in Pelorson et al. (1994) and Lous et al. (1998), and is used to simulate the ring dove
syrinx. A detailed description of the geometry and the implementation of the forces is
given in Appendix A. Our simulations will show that rescaled biomechanical models
originally developed to describe mammalian vocal fold vibrations can be adapted to
model the bird syrinx.
In the songbirds model (rescaled two-mass model), collisions leading to strong har-
monics can be avoided only near the phonation onset. At higher pressures, counteracting
forces would be required to diminish collisions. In songbirds, the role of the MTM has
been widely speculated: it may play a distinct role especially for the generation of high-
frequency sounds (Goller and Larsen, 2002), or contribute to the wave-like movements
of the MVM (MTM +ML) resulting in a more efficient sound generation than possible
with a one-mass oscillator (Titze, 1988, 1994; Fee, 2002). In this framework, we will
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hypothesize that the avoidance of strong collisions in song birds might be achieved by
the MTM that are continuous with the inner vibrating labia (Fee, 2002). Contrarily, in
our model of the ring dove syrinx (the trapezoidal model) no collisions occur at default
parameters. Consequently, harmonics are fairly weak. Our simulations reveal that the
configuration of the syrinx influences the intensity of overtones. Therefore, the amount
of energy in the harmonics could also be controlled by syringeal muscles that directly
affect the configuration of the syrinx. Furthermore, the syrinx is in a persistent conver-
gent shape. As such, the suprasyringeal pressure has little effect on the masses, which
might lead to reduced source-tract interaction. This again suggests as in Beckers et al.
(2003a), that filter mechanisms in birds are closer to those in human phonation (e.g.,
Fant, 1960) in contrast to other possible explanations, such as the soprano-model.
In the rescaled two-mass model we found no voice instabilities. On the other hand,
we will show that our trapezoidal model exhibits coexistence of attractors and jumps
from harmonic rich spectra to more sinusoidal oscillations of the radiated sound pres-
sure. Ring doves already exhibit stronger harmonics during inspiratory phonation com-
pared to expiratory phonation even at low intensities (Gaunt et al., 1982; Beckers et al.,
2003a; Elemans, 2004; Riede et al., 2004). This implies that asymmetries between out-
flow and inflow of the air have to be taken into account. We will show in Appendix
B and in Chapter 4 that asymmetries in the prephonatory syringeal shape and different
prephonatory syringeal widths could be involved in the generation of more rich dynam-
ics. Instabilities such as frequency jumps are commonly observed in the ring dove coo
(Beckers et al., 2003b; Elemans, 2004). However, although intrinsic nonlinear proper-
ties of the syrinx add complexity to the level of motor control (Fee et al., 1998; Fee,
2002; Zaccarelli et al., 2006), only muscle control can explain the fast but gradual fre-
quency modulations of ring dove coos (Elemans et al., 2004).
In Chapter 4, we will incorporate the dynamic control of associated superfast sy-
ringeal muscles in the trapezoidal model (for the derivation of the time dependent pa-
rameters describing the syringeal muscles activity, see Appendix C). The quantitative
approach will confirm the validity of two hypothesis: first, in ring doves the tracheolat-
eralis muscle (TL) modulates the position of the Lateral Vibratory Masses (LVM) and as
such the syringeal aperture. Second, both TL stress and the transmural pressure (pres-
sure difference between the air sac surrounding the syrinx - the interclavicular air sac -
and syringeal lumen) affect tension in the LVM. We will present the first model of bird
song that implements a muscle model to calculate force produced by the muscle. In a
typical ring dove coo, register transitions to aphonia, period doublings or chaos are rare
during expiration or inspiration. The simulations with physiological input parameters
will also not exhibit transitions to different dynamical regimes. Moreover, the simu-
lated oscillation maximal amplitude will be consistent with the oscillation amplitude
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observed in pigeons (Larsen and Goller, 1999). Therefore, our simple nonlinear model
reproduces the coo with great accuracy and as such will provide strong evidence for our
biomechanical framework. This is not a trivial result, because in nonlinear dynamical
systems different excitations may result in different time-courses, described by nonlin-
ear dynamics theory (Guckenheimer and Holmes, 1983; Berge et al., 1986; Jackson,
1989; Arrowsmith and Place, 1990; Strogatz, 1994). Moreover, we will discuss testable
predictions of in vivo experiments by switching on and off the TL and transmural pres-
sure activity.
Concluding, our simulations will suggest that the control of frequency modulation
during sound production is relatively independent of a pressure difference between air
sacs compared to direct muscular control in ring doves. Furthermore, the complex inter-
play of bronchial pressure, syringeal muscle force generation and transmural pressure
all affect precise amplitude and frequency modulation. In the case of ring doves, the
syringeal muscles have the most profound effect on both amplitude modulation (AM)
and frequency modulation (FM). Nevertheless, a separated physiological correlate with
AM and FM (Gaunt et al., 1982; Beckers et al., 2003b) seems not to be the case in
ring doves. Therefore, by showing that independent control of song characteristics is
not possible with the simple syringeal morphology of the ring dove, we speculate that
songbirds evolved a syrinx design that allowed for the independent control of sound
parameters. Uncoupling the control of different sound parameters as an evolutionary
key innovation would lead to a tremendously increase in the possible variation of song,




Physics of Sound Production
2.1
Voice production in humans
Physically, sound is generated whenever there is a disturbance of the equilibrium of
density (or pressure) of a gas, liquid or solid (Titze, 1994). In humans the primary
source of sound for speech production is the time-varying glottal airflow, produced by
vocal fold vibration. The physical and physiological processes of vocal fold vibration is











Figure 2.1: Basic components of the airway system
in humans (modified after Titze, 1994).
The basic anatomy of the human air-
way system involved in sound production
is presented in Fig. 2.1: vocal folds are
housed by the larynx, an organ placed in
the neck of mammals, and they are com-
posed of layered muscular and nonmus-
cular tissues (Titze, 1994, and references
therein). The air space between the vocal
folds is called glottis. The glottis is an
important landmark in speech anatomy:
widely used terms are, e.g., supraglottal
(“above the glottis”) and subglottal (“be-
low the glottis”). The vocal folds can be regarded as a bilateral, three-dimensional and
multilayered anisotropic (not invariant with respect to direction) glottal valve structure.
The tract between the glottis and the mouth is called vocal tract, and it is highly in-
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fluential in determining the vocal sounds produced (see Section 2.1.4). The tract below
the larynx and the lungs is composed of the trachea, a tube which bifurcates into two
bronchi, which are eventually connected to the lungs.
Before self-sustained oscillations of the vocal folds set in, activity of adduction mus-
cles (intrinsic muscles) close the glottis. The prephonatory narrowing or closing (ad-
duction) of the glottis corresponds to the prephonatory rest position. The lungs contract,
pushing air from the lungs toward the mouth. Physically, phonation results from the in-
terplay of a driving fluid (the air) with a complex visco-elastic medium (the vocal folds).
Vocal fold oscillations occur due to a flow-induced instability of the visco-elastic vocal
fold tissue. The mechanism for self-sustained vocal fold oscillations will be now de-
scribed in some more details. For a comprehensive review, see Titze (1994, 2002).
2.1.1 Biomechanical oscillators
Biomechanics is the study of motion of living material under known or assumed forces,
following the principles of ordinary mechanics: Newton laws of motion, conservation
of mass, momentum and energy (Titze, 1994).
One approach widely used for the characterization of vocal fold properties is the
reduction of the anisotropic structure of the fold tissue into a small number of condensed
elements such as masses and springs with given stiffness (Kob, 2002). This idea is
a characteristic aspect of common two-mass models, whereby (self-sustained) mass-
spring oscillators can be used to approximate the vocal folds. Mass-spring oscillators
are systems made by one or more masses m connected to a rigid foundation by means
of a spring. The forces present in the system are inertia, friction of the moving mass,
elastic force due to the spring and additionally, in self-sustained mass-spring oscillators,
driving forces. In vocal fold modelling the driving forces are typically represented by
the aerodynamic forces generated by the lung pressure. The fundamental equation of a
self-sustained mass-spring oscillator results:
mẍ + rẋ + kx = f (x, ẋ, t)
↓ ↓ ↓ ↓
inertia friction elasticity driving force
(2.1)
where m is the mass (the inertial property of the mechanical system), k is the spring con-
stant which represents the effective stiffness (elasticity) of various tissue layers of the
vocal cords and r is the damping. As applied to the vocal folds, this element represents
the viscosity of the tissue, i.e., the energy absorber in the tissue (Titze, 1994).
The frequency of oscillation of the system is defined as the number of back-and-
forth movements that are made per second. For unforced oscillation (i.e., f =0 in eq.
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(or alternatively ω =
√
k
m , where ω is the angular frequency defined as ω = 2πF ). Eq.
2.2 suggests that the stiffness-to-mass ratio is a key quantity for the determination of
F0 (Titze, 1994).
Vibration of the vocal folds is said to be self-sustained. Self-sustained oscillations




dt = 0 (2.3)
where T is the period of oscillation of the mass and
dE
dt
= ( f − rẋ)ẋ (2.4)
is the rate of change of energy with respect to time t1. If dEdt < 0, the oscillation is
said to be damped (diminish the back and forth movement until the vocal folds come to
rest). As observed by Titze (1988), the dependence of f on ẋ is crucial for oscillation:
whenever f is in the direction of the velocity, energy is imparted to the oscillating mass.
Conversely, energy is taken out of the mass-spring system. In vocal folds, under specific
flow conditions, an energy transfer from the glottal airstream to the tissue overcomes
frictional energy losses and oscillation is set on. We analyze this mechanism in the next
section.
2.1.2 Aerodynamics of phonation
Air flow through the glottis involves the study of a fluid confined in a region of space
such as tubes or ducts. The term flow indicates the volume of fluid passing a given cross
section of the tube or duct per second (Titze, 1994), and is measured in m
3
sec . For an
ideal fluid flowing at a steady rate the flow is said to be steady or stationary. If the fluid
density does not change when forced through a constriction of the duct, the flow is said
to be incompressible.
To understand how aerodynamic energy is converted to acoustic energy, it is neces-
sary to introduce some of the basic laws that govern fluid flow in ducts. Among them
are the energy law (Bernoulli law) and the continuity law.






= mẍẋ+ kẋx = (mẍ+ kx)ẋ ∗= ( f − rẋ)ẋ
where in ∗ we used the relation mẍ+ kx = f − rẋ (eq. 2.1).
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For an ideal fluid flowing at a steady rate, if no energy losses are encountered during





where ρ is the fluid density and v is the particle velocity.
Continuity law (also known as continuity equation or conservation of mass of Navier-
Stokes equations) of incompressible fluid confined in a tube or duct states that the air
flow at every point along the duct is constant, i.e.
vA =U = constant (2.6)
Most vocal fold flow models are based on the stationary Bernoulli equation. Results of
investigations on steady pressure-flow profiles (e.g., van den Berg et al., 1957; Ishizaka
and Matsudaira, 1972; Titze, 1988, and references therein) and simulations of the Navier-
Stokes equation (Liljenkrants, 1991; Iijima et al., 1992) indicate that the flow at glottal
entry and throughout the glottis is essentially nonturbulent and describable by a modi-
fied Bernoulli equation (several further studies have been performed to gain insight into
airflow behavior and intraglottal pressure distribution. See, e.g., Pelorson et al., 1994,
and references therein).
Classical descriptions of vocal fold vibration (van den Berg et al., 1957; van den
Berg, 1958) usually begin with the assertion that the vocal folds are sucked together
by a negative Bernoulli pressure in the glottis. This theory was called myoelastic-
aerodynamic theory of vocal fold vibration (van den Berg, 1958) and can be summarized
in three points which act in a loop:
À Bernoulli pressure sucks vocal folds together.
Á collapse of vocal folds is then followed by a buildup of the subglottal pressure
which moves them laterally (outward)
Â Elastic forces of the tissue retard the lateral motion and eventually reverse it.
However, as discussed in Titze (1988, 1994), more features are involved in vocal fold
vibration than Bernoulli pressure alone. What permits the driving force (determined
by the Bernoulli pressure) to lower (or being less positive) during closing than open-
ing? The buildup of subglottal pressure after vocal folds collapse is not sufficient alone
as a driving force, because oscillations can occur also without collision (Ishizaka and
Matsudaira, 1972; Titze and Scherer, 1983; Titze, 1988, 1994, and references therein).
Therefore, the system needs to change the effective driving force alternatively (in par-
ticular, at alternate quarter-cycles of oscillations). This driving-force asymmetry can be
achieved in at least two different ways (Titze, 1988):
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À By making use of oppositely phased subglottal and supraglottal acoustic pressures
Á by varying the glottal geometry to create different intraglottal pressure distribu-
tions
These two cases are not mutually exclusive and can both occur in normal phonation.
It has been shown (Titze and Scherer, 1983; Titze, 1988, 1994) that the mean intra-
glottal pressure P derived from Bernoulli equation can be approximated (for no vocal







where the following quantities (which will be extensively recalled throughout the dis-
sertation) are defined:
í Ps is the sub-glottal pressure
í Psup is the supra-glottal pressure (input pressure to the vocal tract)
í a1 is the cross-sectional area of the glottis at glottal entry (inferior lip)
í a2 is the cross-sectional area of the glottis at glottal exit (superior lip)
Eq. 2.7 predicts that the vocal folds are partially driven by the transglottal pressure
Pt = Ps−Psup and partially by the vocal tract input pressure Psup.
Flanagan and Landgraf (1968) proposed a one-mass model of the vocal folds. This










1Figure 2.2: Waveforms during sustained oscillation
in the open glottis (modified after Titze, 1994).
be met because a one-mass model cannot
take into account glottal geometry, and
therefore from eq. 2.7, P = Psup because
a1 = a2. This almost trivial relation sug-
gests that something must happen above
the glottis to change this pressure during
the glottal cycle. The key element is the
inertia of the air in the vocal tract. As a
result of air inertia (see Titze, 1988, 1994
for a detailed explanation), the shape of
the airflow during open glottis is charac-
terized by a slow rise and an abrupt fall
with respect to the shape of the tissue dis-
placement (see Fig. 2.2). Consequently,
the shape of the air particle velocity v= UA displays a gradual increase over the open por-
tion of the cycle, resulting in a mean intraglottal pressure P = Ps− 12ρv2 (and therefore,
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a net driving force) less positive during closing than opening (see Fig. 2.2). Rothenberg
(1981) has showed that at frequencies below the first formant frequency (the usual case
for speech) the air column in the vocal tract is primarily inertive, i.e. it acts like a mass
of air that is accelerated and decelerated as a unit (Titze, 1988). Inertive vocal tract can





which derives from the second law of motion (compare momentum F = mdvdt ) with the
mass “replaced” by the quantity L (inertance). Concluding, the Bernoulli pressure alone
is not sensitive to the direction (inward versus outward) of vocal fold movement; hence,
it cannot by itself supply the necessary velocity-dependent force to transfer energy from
the fluid to the tissue. Only in conjunction with vocal tract inertance can the proper
asymmetries between driving force and tissue velocity be established.
One-mass models as Flanagan and Landgraf (1968) predicted the above mentioned
acoustic coupling of the glottis to the vocal tract. Two-mass models of vocal fold vi-
bration, however, can take into account the tissue displacement. Excised larynx exper-
iments show that even without a vocal tract similar vibratory pattern of the vocal folds
can be observed (Titze, 1994; Herzel and Knudsen, 1995, and references therein). Thus,
it is justified to neglect the interaction of the glottal flow with sub- and supraglottal res-
onances as a first approximation. It has been shown (Scherer and Titze, 1983) that P
is larger for a convergent shape than for a divergent shape: if we assume for simplicity
that the vocal tract is disconnected, i.e. Psup = 0, we see from eq. 2.7 that
í convergent glottis (a1 > a2)⇔ P > 0
í divergent glottis (a2 > a1)⇔ P < 0
In particular it has been shown (Ishizaka and Matsudaira, 1972) that Bernoulli equation
is less applicable to the divergent glottis (Titze, 1994): the air flow often detaches from
the surface of the vocal folds and forms a jet which keeps the pressure in the glottis
close to zero (jet separation assumption). However, the important aspect is that the
pressure is less positive during closure than during opening: energy is transferred from
the airstream to the tissue because the net driving force over the cycle is synchronized
with tissue movement (see Fig. 2.3). Nonuniform tissue movement is best described in
terms of normal modes (vibratory patterns) of vibration. The number of normal modes
equals the number of degrees of freedom of the system. Titze (1976) has calculated
the normal modes in the model of Ishizaka and Flanagan (1972) obtaining the normal
modes frequencies (ω1,ω2) = (120,201) Hz. In the lower mode the masses are moving
in phase and have almost the same amplitude, whereas in the higher mode the masses
move 180◦ out of phase and the smaller mass has much larger amplitude. Whether one,
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Figure 2.3: Sketch of the classical two-mass model (modified after Titze, 1994). Outward movement with
convergent glottis (upper panel) and (lower panel) inward movement with a divergent glottis. Note the
comparative lengths of the arrows labeled P to indicate that P is larger for a convergent shape than for a
divergent shape (Titze, 1994).
the other, ore both modes are present depends on the type of excitation.
The one-mass model by Flanagan and Landgraf (1968) reproduced some glottal fea-
tures and was used successfully for the synthesis of voice and voiceless sound (Ishizaka
and Flanagan, 1972). However, repeated observation of the vocal folds in slow motion
has demonstrated that the vocal folds do not move like a solid bar mass, i.e., uniform tis-
sue displacement seldom, if ever, occurs (Titze, 1994). Theoretical work has shown that
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a two-mass approximation can account for most of the relevant glottal detail, including
phase differences of upper and lower edges (Ishizaka and Flanagan, 1972).
2.1.3 Two-mass models of vocal folds vibration
Based on the principles introduced in sections 2.1.1 and 2.1.2, two-mass models of
human vocal fold vibration have been used successfully to describe the normal voice
(Ishizaka and Flanagan, 1972; Pelorson et al., 1994), vocal fold paralysis (Isshiki et al.,
1978; Smith et al., 1992; Steinecke and Herzel, 1995; Mergell et al., 2000), phonation
onset (Mergell et al., 1998), voice instabilities at high pressures (Jiang et al., 2001) and
source-tract coupling (Mergell and Herzel, 1997; Hatzikirou et al., 2006). We review in
this section few significant works which will be often recalled throughout the text.
Ishizaka and Flanagan (1972)
The “mile stone” of two-mass models is certainly the two mass model of Ishizaka and
Flanagan (1972). The model represents the vocal folds as two masses m1, m2 coupled
together. In the frontal plane2, x0i is the distance of mass mi from the glottis midline at
rest, and consequently a0i = 2`x0i represent the rest areas (` usually denotes the length
of the glottis on the transverse plane). The variation of the glottal areas reads ai =
ai(xi) = 2`xi +a0i, where xi are given by the equations of motion
m1ẍ1 + r1ẋ1 + s1(x1)+ kc(x1− x2) = f1 (2.9)
m2ẍ2 + r2ẋ2 + s2(x2)+ kc(x2− x1) = f2 (2.10)
and si(xi) = kixi(1+ηkix
2
i ) is a (modified) elastic force which describes the nonlinear-
ity of the spring (as measured in fresh excised human vocal cords) by means of the
coefficient ηki (Ishizaka and Flanagan, 1972).
Collision forces Because a contact force at collision will cause some deformation in
the flesh of the vocal folds, this deformation will produce a restoring force which is








2In the literature, the following cross sections are usually defined with respect to the human body:
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is the force required to produce the deformation to mass mi, hi = 3ki is a linear stiffness
and consequently (compare ηki), ηhi is a coefficient which represents the nonlinearity
of the contacting vocal folds. Mathematically, Ci is a nonlinear function depending on
how much the mass mi crosses the midline of the glottis toward the opposite mass.
Pressure forces The forces Fi are obtained by means of the glottal pressure over the
labia surface, Fi = Pi`di, where Pi is the pressure acting on the ith mass. (P1,P2) = (Ps,0)
if the masses m1 collide (a1 ≤ 0), (P1,P2) = (Ps,Ps) if only a2 ≤ 0. Otherwise, in case
of an open glottis (i.e., a1,a2 > 0) the glottal flow is assumed to be quasi-steady and the
pressure distribution along the glottal flow is obtained by means of Bernoulli equation.


























As we see, several corrections are added to the Bernoulli equation. In particular:
í Pvena (vena contracta effect) is a modified Bernoulli pressure due to the abrupt
contraction in cross-sectional area at the inlet of the glottis which produces a
vena contracta surrounded by stagnant air. The vena contracta makes the area a1
appear smaller than it actually is and the pressure drop greater than that dictated
(Bernoulli law) by an ideal area change.
í Pvisci is a pressure drop governed by viscous losses. Throughout the constrictions
formed by the lower and upper cord edges mi, the pressure falls linearly according
to a resistance to the volume flow proportional to di
a3i
.
í Pinerti is an additional term induced by the inertance of air, Li =
ρdi
ai
í Pjunc is a pressure drop due to the abrupt change of the glottal cross-sectional area
in the junction between masses 1 and 2.
Finally, at the outlet of the glottis the pressure recovers toward the atmospheric pressure.
The pressure recovery, based on quasi-steady momentum conservation equation, does
not affect the motion of the masses but is significant to the acoustic interaction between
the vocal tract and the cord source (Flanagan and Landgraf, 1968). As the supraglottal
duct area is much larger than the minimum cross-sectional area within the glottis, the
pressure recovery is very small (Pelorson et al., 1994; Story and Titze, 1995).
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Pelorson et al. (1994)
In this work a theoretical model is presented with an improved aerodynamic descrip-
tion of glottal flow which takes into account the formation of a free jet downstream
of a moving separation point in the closing phase of the glottal cycle (Sciamarella and
D’Alessandro, 2004). The theoretical model (based on the boundary-layer approxima-
tion), as well as the assumptions made, are validated using steady- and unsteady-flow
measurements combined with flow visualization (Pelorson et al., 1994). In order to
evaluate the effective impact of the revised theory, an application to a novel two-mass
model is presented. The model considers a two-point parametric curve describing the
shape of the vocal folds. In other words, the masses are not anymore rectangular, but
cylinders connected by tangent plates: in fact, it would not make much sense to intro-
duce a quasi-steady flow model for flow separation in the representation proposed by
Ishizaka and Flanagan (1972), because flow separation would always occur at the sharp
edges. Additionally,
í pressure recovery and nonlinearity of the spring are neglected
í Because the contraction formed by the entrance of the glottis is gradual, the vena
contracta effect, which is expected to occur in the case of an abrupt contraction
with sharp edges, is neglected.
The equations of motion read:
m1ẍ1 + r1ẋ1 + k1x1 + kc(x1− x2) = F1 (2.14)
m2ẍ2 + r2ẋ2 + k2x2 + kc(x2− x1) = 0 (2.15)
where F1 ∝
∫ separation
inlet P(x)d~S is the novel implementation of the pressure force according
to the theoretical prediction of flow separation and the more smooth geometry. No force
is assumed to be exerted on the second mass: this way, the second mass “behaves as a
child which is held by the hand by a running parent” (Lous et al., 1998), i.e. it is always
out of phase with respect of the first mass. This results into the net energy transfer
discussed in Section 2.1.2.
Closure of the vocal cords A modified description of vocal fold closure is proposed:
vocal folds gradually collide from the lateral side to the middle part, and in some cases
(as breathy voice for instance) the glottis never closes completely (Pelorson et al., 1994).
As a result of that, during collision there can be still a certain amount of air which is
allowed to flow through the glottis (for details, see Pelorson et al., 1994). An important
consequence for the quality of the signals is that the resulting spectrum is much less rich
in high harmonics which in the rectangular model (Ishizaka and Flanagan, 1972) yield
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the typical “computer accent” in numerical program for speech production. The model,
together with a more realistic description of the vocal fold collision, can lead to signals
surprisingly close to those observed in real speech by inverse filtering.
Steinecke and Herzel (1995)
The model of Ishizaka and Flanagan (1972) is analyzed in this work with the methods of
nonlinear dynamics (see Section 2.2). In particular, the attention is directed to the effect
of a tension imbalance between the two laryngeal sides, i.e., different stiffness values
of the left and right vocal fold that are characteristic for laryngeal paralysis. Because
this model is not an attempt to reproduce vocal folds vibration or normal voice output,
the aerodynamics is simplified by assuming a steady flow-separation point during con-
vergent glottis, and pressure drop due to viscous losses are neglected. The Bernoulli
equation reads:















where amin = min{a1,a2}. The pressure on the second mass P2 is assumed to be zero.









where θ is the Heaviside function defined as θ(x) = 1 if x> 0, θ(x) = 0 otherwise. Con-
sequently, as in previous rectangular models (Ishizaka and Flanagan, 1972), the pressure
force reads F1 = `d1P1. An additional collision force Ci is implemented as in (Ishizaka
and Flanagan, 1972), but neglecting the nonlinear term, thus Ci = −Θ(−ai)ci ai2l . The
equations of motion read:
m1ẍ1 + r1ẋ1 + k1x1 + kc(x1− x2) = F1 +C1 (2.18)
m2ẍ2 + r2ẋ2 + k2x2 + kc(x2− x1) =C2 (2.19)
Lous et al. (1998)
Lous et al. (1998) implemented a two-mass model derived from Pelorson et al. (1994)
with applications to prosthesis design. This leads to several modifications due to, e.g.,
size reduction (the prosthesis would probably be much smaller than the vocal folds)
and implantation location (the prosthesis could not be placed exactly at the original
vocal fold position). The model structure is assumed to be symmetrical (m1 = m2,
k1 = k2), and the parameters value are not only dictated by physiology, but they also
have to make up for over-simplifications in the model. For instance, the total vocal fold
mass is slightly increased to compensate for the absence of inlet losses as compared
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to Ishizaka and Flanagan (1972). The spring constants ki are determined from analysis
of the modes of vibrations of the mechanical system, and the damping coefficients ri
are chosen according to the values reported in Ishizaka and Flanagan (1972). Collision
forces are modelled in a similar way to Pelorson et al. (1994) by considering a stepwise
increase in the values of ki and ri. The equations of motions read as eq. 2.14-2.15 but in
addition the aerodynamic force F2 6= 0. Fi is the component along the mi displacement
of the force generated by considering a Bernoulli effect and a torque balance on each of
the mass-less plates. Acoustic feedback from vocal tract and trachea is considered. The
model predictions compare well to in vivo experimental data from literature concerning
acoustic feedback.
The acoustic properties of the model proposed by Lous et al. (1998) are examined in
Sciamarella and D’Alessandro (2004), where an algorithm is developed in order to study
the sensitivity of acoustic parameters to the variation of the model control parameters in
order to describe the actions that the modelled glottis employs to produce voiced sounds
of different characteristics.
A simplified version of the model of Lous et al. (1998) will be presented in Chapter
3 to model the syrinx of the ring dove (Streptopelia risoria).
Body-cover model
The so-called body-cover model (Titze, 1988; Story and Titze, 1995) considers sepa-
rately the body of the folds (muscular and deep ligament layer) and the cover (outer
tissue layer of the vocal folds).
In Titze (1988), a framework of basic principles is introduced along the lines of Sec-
tion 2.1.2. The model is presented within a small-amplitude analytical treatment (the
more general large-amplitude theory, which involves limit cycles and nonlinear effects
due to collision of the folds is not discussed) to study oscillation threshold pressure
which is reduced by reducing the mucosal wave velocity, by bringing the vocal folds
closer together and by reducing the convergence angle in the glottis. The body is con-
sidered to be stationary, and the cover is assumed to propagate a surface wave along the
glottis. This reduces, with respect to previous models as Ishizaka and Flanagan (1972),
the number of viscoelastic parameters, and produces a delayed reacting pressure on the
bottom of the folds due to a retarded motion at the top, which seems to be the primary
mechanism for a velocity-dependent driving force (Titze, 1988), as discussed in Section
2.1.2. The same retarded motion is achieved in two-mass models by a flow controlled
mode which keeps the masses out of phase (Ishizaka and Matsudaira, 1972).
In Story and Titze (1995), the vertical mucosa wave propagation is represented, as in
classical two-mass models (Ishizaka and Flanagan, 1972) by a linear spring. Addition-
ally, the two masses are coupled laterally to a third mass (the “body mass”) by nonlinear
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springs and viscous damping elements. The body mass (representing muscle tissue) is
further coupled laterally to a rigid wall (representing thyroid cartilage) The model is
proposed as a research tool to study both normal and pathological vocal-fold vibrations.
Simulations show reasonably similarity to observed vocal-fold motion, measured ver-
tical phase difference, mucosal wave velocity and experimentally obtained intraglottal
pressure. Equations of motions include a further variable xb representing the body mass.
2.1.4 Acoustics of speech
We have reviewed some significant two-mass models of the human vocal folds. In all
models, above a threshold value, the pressure causes a net energy transfer from the
airflow to the folds that induces self-sustained oscillations of the masses. The opening
and closing of the glottal aperture creates pressure waves, i.e., sound. We review here
some basic concept of acoustics and vocal tract filtering, introducing to the processes
which take place when the sound produced in the glottis travels the vocal tract before
the radiation from the mouth.
Sound pressure disturbance is based on local oscillations in an elastic medium, and
involves a minimum of two independent variables, space and time, which can be rep-
resented by a general function p = f (x, t), called waveform or wave. Acoustic waves
are mathematically the solutions of the acoustic-pressure wave equation ∂
2P
∂ t2 = c
2 ∂ 2P
∂x2 ,
where c is the speed of sound. Two highly symmetric and throughly discussed solutions
are the plane wave p(x, t) = Aei(
2π
λ x−ωt) and the spherical wave p(x, t) = Ar e
i( 2πλ r−ωt),
where ω = 2πF is the angular frequency, λ = 2π cω is the wavelength, r is the radius
of the vector x and A is called amplitude (Mindlin and Laje, 2005).
A waveform is not always an efficient way to display data because there can be much
redundancy (Titze, 1994). An alternate approach is to use a spectrum (or spectrum of
frequencies): given any sound, we can ask about the number of component frequencies
present in the sound and the strength of each component.
Fourier transform












bn sin(ωnt) , (2.20)
3 The applicability of the Fourier transform depends on mathematical hypothesis which are not dis-
cussed in this text.
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are termed Fourier coefficients. Equation 2.20 is called Fourier series of the function f
and represents f in terms of a sum of functions at discrete frequencies ωn = 2πnT .
Alternatively, eq. 2.20 can also be written in a complex notation with Fourier coef-











f (t)e−iωnt dt. (2.22)
For the general case of a function not necessarily periodic, the equivalent of eq. 2.21











f (t)e−iωt dt, (2.24)
where the coefficients ϕn become a function ϕ(ω) called Fourier transform of the func-






Therefore, for a periodic signal the amplitude spectrum will be an infinite discrete col-
lection of values (H1,H2, . . .) where









represent the amplitudes of the frequency components (ω1,ω2, . . .) given in eq. 2.20.
For most voice signals, ω1 is said to be fundamental frequency of the signal f , whereas
ω j, j > 1 are said to be harmonics or overtones4.
Summarizing, a periodic wave contains a discrete quantity of frequencies compo-
nents (ω1,ω2 = 2ω1, . . . ,ωn = nω1, . . .) with relative amplitudes Hi defined above. This
4The frequency components (ω1,ω2, . . .) are usually denoted as ( f0, f1, . . .) or (F0,F1, . . .). Except
for this section, throughout this thesis we will use the notation (F0,F1, . . .) and relative amplitudes
(H0,H1, . . .).
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is the general case of the pressure disturbance radiated from the mouth during speech
or singing in normal phonetic conditions. For a non periodic wave no fundamental fre-
quency ω1 is present (and consequently no harmonics nω1), but a continuous function
where the relative amplitudes are not in relation with each other.
The plot of the amplitudes versus frequencies is called spectrum. For a spectrum
of a periodic wave, the spectral slope is defined as a measure of how the amplitudes
of successive frequencies components ωi decrease with increasing harmonic number
(Titze, 1994). For instance, a sound perceived as “brassy” would have a relative spec-
trum with a smaller spectral slope than a “fluty” sound (Titze, 1994). Moreover, spectral
slope relates to the widely discussed topic on how many birds can produce almost pure
tone sounds with similar biomechanical principles as the vocal folds (see Chapter 3 and
Section 2.3). A pure tone is defined as a wave with just one frequency component (the
fundamental), e.g., a sine function.
The power spectrum is defined as the function H2(ω) = |ϕ(ω)|2, by analogy to the
case when the ordinate represents power (i.e., energy per unit time): consider a signal
originating in the reception of waves (e.g., sound) by an antenna. If the detector is linear
(and does not introduce distortion in the frequency band considered) then the quantity
it measures is proportional to the variation of the electric field or of the pressure in the
vicinity of the antenna (Berge et al., 1986). The theory of waves shows that the acoustic
power P (the amount of energy produced and radiated into the air per second) carried
by a wave is proportional to the square of its amplitude averaged over time. We can
replace the average over time by an average over frequency by means of the Parseval-
Plancherel equation ∫ +∞
−∞




which states that the total energy contained in a waveform f (t) summed across all of
time t is equal to the total energy of the waveform’s Fourier Transform ϕ(ω) summed
across all of its frequency components ω .
According to these results, in Chapter 3 we will use a quantity called Harmonic
Ratio (HR) to compare the energy concentrated at successive harmonic frequencies of
an acoustic signal. In other words, the HR is an estimation of the spectral slope of the
signal: assumed a reference unit (the energy concentrated at the fundamental frequency,
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(compare eq. 2.28 and the above mentioned relation [energy] ∝ [pressure]2) where P0 is
a standard reference pressure of 2 · 10−5 Pa (which is usually considered the threshold
of human hearing). However, because different reference levels Pref can be used, it is
























1Figure 2.4: Waveforms and relative power spectrum of some typical signals. Power spectra are usually
represented on a logarithmic scale on the y axis (modified after Titze, 1994).
Spectrogram The power spectrum of a signal gives information about the signal fre-
quencies content and the energy at each frequency component (Fig. 2.4). However, if
the signal frequencies content varies in time, it is useful to represent it as a spectrogram.
Spectrograms are based on many subsequent short-time power spectra of overlapping
signal segments. For each of these segments, the power spectrum is computed at the
relative time (x axis), the spectral amplitudes are encoded as a grey or colored scale,
and the frequencies are plotted on the y axis (see, e.g., Table 2.3 on p. 37).
Travelling the vocal tract
Beside the differences often emphasized between sound production in humans and
birds, it is important to recognize also the similarities: in both the cases the acoustic
output of a vibrating valve (i.e., the power spectrum of the sound pressure radiated by
the valve) is modified by vocal tract resonances (Fletcher and Tarnopolsky, 1998). A
resonance is the constructive interference of waves experiencing multiple reflections in
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tube formants (n = 1, . . . ,∞)
open end Fn = (2n−1) c4`
closed end Fn = n c2`
Table 2.1: Formant frequencies for an ideal tube open at the end (open end) and closed at both ends
(closed end). `: length of the tube, c: sound velocity. Although there are infinite formants, only a few
formant frequencies are usually of interest. For instance, vowels in human speech are perceived and
classified on the basis of the first two formant frequencies of the vocal tract (Peterson and Barney, 1952;
Bogert and Peterson, 1957; Kent, 1978, 1979).
a tube (Titze, 1994). The human vocal tract, like the tube of a wind or brass instrument,
resonates at certain special frequencies (called formants). The resonant frequencies de-
pend on the shape of the vocal tract, e.g., the configuration of tongue, jaw and lips in
the case of humans, and tongue and beak in the case of birds (Fletcher and Tarnopolsky,
1998). In humans, formants determine many speech sounds (phonemes) from which
syllables and words are made. For an idealized tube, the formant frequencies are given
in Table 2.1.
The acoustic properties of the human vocal tract have traditionally been described
on the basis of a source-filter theory (Fant, 1960). In this theory, the sound source is
the time-varying glottal airflow and the filter is the vocal tract. Whereas the glottis
produces a sound of many frequencies, the vocal tract selects (filters) a subset of these
frequencies for radiation from the mouth (Titze, 1994). The source filter theory assumes
that the labial dynamics are independent of whatever happens in the filter. It has recently
been shown, however, that this assumption is generally not valid, and only under certain
conditions is at best an appropriate simplification. The linear theory is applicable to
male speech, less to female and child speech, and much less to singing (Titze, 2007).
The source-filter hypothesis, i.e., a passive linear filter of the vocal tract, is based on the
hypothesis that the glottal output impedance is much larger than the vocal tract input
impedance5. This hypothesis holds under normal speech conditions: the mean glottal
area is much smaller than the input cross section of the vocal tract, and the fundamental
frequency of the glottis is below the first formant of the tract (Laje et al., 2001). Laje
et al. (2001) assumed that Psup is the result of adding perturbations P(t) induced by labial
5The concept of wave impedance (or specific acoustic impedance) Z can be used to discuss reflections
of sound from interfaces among various media (e.g., human voice: Titze, 1994; bird songs: Mindlin and
Laje, 2005; musical instruments: Fletcher and Rossing, 2005). Z quantifies the amount of pressure P that




and is measured in Pa sec m−1.
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vibration and the perturbations arriving back after being reflected by the tract: Psup =
P(t)+Pback(t− τ), where τ is the time it takes for a sound wave to travel the length of
the tract and P(t) = IU̇ (Rothenberg, 1981; Titze, 1994). For large enough values of the
inertance I (which in turn determines the amplitude of P) the pressure fluctuations that
are established at the base of the trachea can be important and affect labial dynamics.
Beside this (nonlinear) interaction of glottal airflow with acoustic vocal tract pressures,
a more dramatic level of interaction occurs in high fundamental frequencies productions
for which the dominant (first four) harmonics cross the formants (Titze, 2007): a variety
of new source frequencies can then be produced, including subharmonics, frequency
jumps, and deterministic chaos, which can be explained with the theory of nonlinear
dynamics.
2.2
Nonlinear dynamics of the vocal folds
The vocal folds, together with glottal airflow, constitute a nonlinear oscillating system.
This system is amenable to nonlinear dynamics analysis, which can provide an entirely
different perspective on the underlying basis of phonatory function (Titze et al., 1993).
In recent years it has been suggested that phenomena reported for decades in the pho-
netic literature such as “octave jumps”, “biphonation” (two independent frequencies)
and noise concentration, could be interpreted as period doubling bifurcations, tori and
chaos. Subharmonics and irregularities can appear occasionally in normal phonation
such as newborn cries (Mende et al., 1990). On the other hand, vocal instabilities due to
bifurcations are often symptomatic in voice pathology (Herzel and Wendler, 1991; Titze
et al., 1993; Herzel, 1993; Herzel et al., 1994), and nonlinear phenomena such as period
doubling, biphonation and irregular aperiodic phonation are exploited in contemporary
vocal music (Neubauer et al., 2004). In this framework, several models have been devel-
oped in recent years to study vocal fold paralysis (Mergell et al., 2000), instabilities at
high pressures (Jiang et al., 2001), unilateral laryngeal paralysis by means of a tension
imbalance (Steinecke and Herzel, 1995), aperiodic vibrations of a vocal fold model with
a polyp (Zhang and Jiang, 2003) or instabilities such as abrupt jumps between chest-like
and falsetto-like vibrations exhibiting hysteresis, aphonic episodes, subharmonics, and
chaos near the register transitions (Tokuda et al., 2007).
While on the one hand human vocal production demonstrates that certain irregular
phenomena seen in human pathological voices and baby crying result from nonlineari-
ties in the vocal production system, on the other hand equivalent phenomena are quite
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common in nonhuman primate vocal repertoires (Wilden et al., 1998; Fitch et al., 2002;
Tokuda et al., 2002; Neubauer, 2004). In particular, bifurcations and chaos are ubiqui-
tous aspects of the normal adult repertoire in many, if not most, primate species (Fitch
et al., 2002). An analysis of vocalizations of macaque screams, piglet screams, and dog
barks has shown that nonlinear analysis is primarily useful in animal vocalizations (in-
cluding subharmonics and biphonation) or low-dimensional chaos (Tokuda et al., 2002).
In birds literature, as we shall see later, it has been recently observed that biomechan-
ical principles similar to human phonation underlie bird song production. Recently (Fee
et al., 1998; Fee, 2002), nonlinear dynamics has been studied in a modified two-mass
model to study frequency-mode locking and register transitions in the vocalizations of
the zebra finch (Taeniopygia guttata). Gardner et al. (2001), Laje et al. (2002), Laje
and Mindlin (2002), Mindlin et al. (2003) and Laje and Mindlin (2005) developed sev-
eral models based on the mucosa-wave model of Titze (1988) to study nonlinear effects
caused by control parameters in birdsongs.
In this section, following standard textbooks (Guckenheimer and Holmes, 1983;
Berge et al., 1986; Jackson, 1989), the basic principles of (nonlinear) deterministic dy-
namical systems will be reviewed.
2.2.1 Introduction to nonlinear dynamics
Formally speaking, we define dynamical system a system whose behavior can be de-
scribed by an evolutional operator Φt : X → X defined on a space X (phase space)
∀t ∈ T (in the remainder of this section, we will assume X = Rn, n ≥ 1). If the space
T , or time, is R, the system is said to be continuous dynamical system, if T = Z, the
system is said to be discrete dynamical system. Two conditions must hold for Φ for any
initial condition x0 ∈ X and any t,s ∈ T : the above mentioned deterministic property,
expressed by the relation Φt+s(x0) = Φt(Φs(x0)), and the property of “no evolution at
time zero”: Φ0(x0) = x0.
In a continuous dynamical system the evolution in time of the points of X is typically
given as a vector field or flow:
ẋ = f (x) (2.30)
where f : X → X . In nonlinear dynamical systems eq. 2.30 is nonlinear, in other words
the variables xi, ẋi in eq. 2.30 form product terms or contain higher order terms. Con-
trarily to linear differential equations, there is no general way to obtain families of so-
lutions of nonlinear equations (except when they exhibit symmetries): linear equations
frequently appear as approximations to nonlinear equations, and these approximations
are only valid under restricted conditions. Any (deterministic) nonlinear dynamical sys-
tem is potentially chaotic, i.e., even though “determined” entirely by internal properties
and initial conditions, can exhibit, over the long range, unpredictable behavior (chaos).
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For the case at hand, let us consider a two-mass model based on the classical mass-
spring oscillator (e.g., eq. 2.18 and 2.19 on p. 17, denoting for simplicity f1 = F1 +C1
and f2 = C2). The dynamics of the two moving points are represented by two second-
order differential equations which can be reduced to a system of four first-order equa-
















( f2− r2x4− k2x3− kc(x3− x1))
= f (x) (2.31)
(compare eq. 2.30) defined on the phase space X = R4. A generic point
x =~x = (x1(t),x2(t),x3(t),x4(t)) ∈ X
will represent, at instant t, the position and the velocity of the first mass, x1 and x2
respectively, and the position-velocity of the second mass (x3 and x4 respectively). Eq.
2.31 can be written in the general compact form
ẋ = f (x,λ ) = f (x1, . . . ,xn,λ1, . . . ,λm) (2.32)
where λ ∈ Rm is a vector of m parameters (e.g., ki,ri,kc in eq. 2.31) and x ∈ R4.
Nonlinearity is found in vocal fold mechanics in at least two ways (see eq. 2.31):
í highly nonlinear interaction of the airflow and glottal area (van den Berg et al.,
1957).
í some quadratic or cubic relation, such as the cubic term in eq. 2.10 to model
tissue elastic deformation and collision force (Ishizaka and Flanagan, 1972), or
the nonlinear dissipation term cx2ẋ in the flapping model (Laje et al., 2002; Laje
and Mindlin, 2002).
Special solutions of a vector field (if they exist) are:
À Equilibria or fixed (or stationary) points: points x∗ ∈ X : f (x∗) = 0
Á Periodic orbit: the closed curve Φt(x) : 0≤ t < T , where T , called period is the
smallest number such that ΦT (x) = x
In the time evolution of the dynamical system, starting from initial state x0 ∈ X , the
phase flow f generates a set of states {Φt(x0) ∈ X ,0 < t < τ} (τ ∈ R) called trajectory
in phase space, depending on the associated initial state. Trajectories can never intersect
in the phase space, which is an unavoidable consequence of the deterministic nature of
the description (Berge et al., 1986). Trajectories can asymptotically converge into sets
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of phase space points called attractors, a bounded attractive set of phase space points.
Given an attractor A , the set of points of the phase space X which approaches asymp-
totically to A is termed basin of attractor of A . Points already within the attractor set
are mapped to points within the attractor, i.e. an attractor is invariant under the phase
flow f . Trajectories starting from a general x0 /∈ A in the basin of attractor of A will
approach A after a period of time called transient. As shown in Fig. 2.5, attractor sets
can be subdivided into four different classes (Jackson, 1989):
í Steady states: steady states are represented by fixed points in phase space. For in-
stance, the trajectories of a damped harmonic oscillator approach asymptotically
the stable stationary rest state.
í Limit cycles: limit cycles are isolated closed curves in phase space (as in, for
example, the asymptotic behavior of a driven, damped harmonic oscillator).
í Torus: Trajectories associated with quasiperiodic functions (r independent fre-
quencies) lie on a r-dimensional torus, T r. E.g., if r = 2, a torus is a two-
dimensional object in phase space, where the trajectory of two coupled oscillators
asymptotically moves on the surface, never meets itself again and asymptotically
fills the whole surface.
í Chaotic attractors: a chaotic attractor is typically a fractal set of points in phase
space. Stressing the fractal nature of this set, it is termed strange attractor. Stress-
ing sensitive dependence of single trajectories on initial conditions and exponen-
tial divergence of initially close trajectories, the term “chaotic attractor” is used
(Strogatz, 1994). A single trajectory on a strange attractor is aperiodic, irregular,
and deterministic, but not random or stochastic.
Given a complete description and a precise measurement of dynamical variables and pa-
rameters of, e.g., the phonatory system, attractor and bifurcation analysis could reveal
all possible different dynamical behaviors of the system. Unfortunately, in real world
not all variables are directly measurable and values of system parameters might be inac-
curate. Nevertheless, from a signal x(t), a vector can be reconstructed in pseudo-phase
space by “delay-coordinates” x(τ + t) (Takens, 1981; Froehling et al., 1981; Eckmann
and Ruelle, 1985; Story, 1991; Titze et al., 1993; Guckenheimer, 1999).
For constant control parameters λi ∈ λ and given initial conditions, the long time
behavior of a nonlinear system is uniquely determined by the attractor types associated
to the attractor basins. Lyapunov exponents, Poincaré sections and Fourier analysis, as
discussed in Section 2.2.4, are often enlightening to classify and recognize attractors.
For varying components of the parameter vector λ , the local topology of attractors in
phase space can change qualitatively. At critical parameter values, bifurcations between
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λ2, . . . ,λn < 0
λ1, . . . ,λk = 0




Figure 2.5: Various attractors and their characteristics (modified after Titze et al., 1993).
different attractor types are induced that qualitatively change the asymptotic behavior of
trajectories. Stability of attractors (Floquet theory) and bifurcations are briefly discussed
in the next section.
2.2.2 Stability of fixed points, Floquet theory and bifurcations
The stability of a fixed points is reduced to the study of the stability of the linearized






(Guckenheimer and Holmes, 1983) and leading to the possible
situations depicted in Table 2.2: an attractor (repellor) is a stable (unstable) fixed point,
whereas a saddle node is stable in a subspace U ⊂ X and unstable in X\U .
Stability of a periodic orbit can be described by means of Floquet theory of periodic
solutions. Given a periodic solution x(t) = x(t+T ) on a periodic orbit γ , linear stability
analysis (Floquet theorem) assures that there exists a constant matrix R for which a small
initial displacement away from the solution, x+δx, will be of the form x+ eT Rδx after
a period T (see Guckenheimer and Holmes, 1983; Berge et al., 1986, for details). The
eigenvalues ρ1, . . . ,ρn of eT R are called Floquet - or characteristic - multipliers. The
periodic orbit is stable if each component of emT Rδx on the hyperplane transversal to the
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eigenvalues real part fixed point stability
(sorted in descending order from
left to right)
(+, . . .) unstable:
(+, . . . ,+) repellor
(+, . . . ,+,−, . . . ,−) saddle point
(−, . . . ,−) stable (attractor)
(0, . . . ,−) stability can not be determined by linearization
Table 2.2: Stability types for a fixed point x0 of a n-dimensional dynamical system according to the sign
of the eigenvalues of the Jacobian matrix evaluated in x0.
orbit direction decreases in time (m→ ∞), i.e., if |ρ2| < 1, . . . , |ρn| < 1 (the matrix eT R
has always an eigenvalue equal to one which corresponds to a displacement along the
trajectory. We suppose this eigenvalue to be ρ1). The Floquet multipliers (ρ2, . . . ,ρn)
represent the eigenvalues of the linearized Poincaré map (see Section 2.2.4). The eigen-
values λi of the constant matrix R (not to be confused with λi in eq. 2.32) are called
Floquet (or characteristic) exponents6.
Floquet theory needs a representation of eT R, which is generally difficult and re-
quires perturbation methods or the use of special functions. The characterization of
attractors is often obtained via Poincaré sections, Lyapunov exponents or Fourier anal-
ysis, as discussed later. However, the study of transitions through the loss of linear
stability is a convenient way to classify a number of processes through which chaotic
behaviour will occur. Among them, period doubling bifurcation (a Floquet multiplier
crosses the unit circle at -1), or secondary Hopf bifurcation (two complex conjugate
Floquet multiplier cross the unit circle), as discussed in the next section.
2.2.3 Bifurcations
One central goal of model analysis has been in the past the determination of the critical
subglottal pressure Pth for the start of self-sustained oscillations in vocal folds (Mergell
et al., 1998): the change in the dynamics behavior is based on a Hopf bifurcation, i.e.,
at a critical pressure value a stable equilibrium of the system becomes unstable and the
dynamics undergo a change from a stable fixed point to a limit cycle attractor. Gener-
alizing: whenever the solution to an equation (or system of equations) changes quali-
6Note that, ∀ j = 1, . . . ,n, |ρ j|= |eλ jT |, where λ j = a+ ib ∈ C. From the equivalence
|ρ j|= |e(a+ib)T |= |eaT (cosbT + isinbT )|= |eaT |= e2aT = e2T Re(λ j)
we have: |ρ j|< 1⇔ Re(λ j)< 0.
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tatively at a fixed value of a parameter λi ∈ λ , this will be called a bifurcation (Berge
et al., 1986). The plot of any characteristic property of the solutions of eq. 2.32 versus
a parameter λi is termed bifurcation diagram.
Hopf bifurcations are called supercritical or subcritical if the dynamics undergo a
change to a stable or unstable limit cycle, respectively. Subcritical Hopf bifurcation
is characterized by a coexistence of two stable states (an equilibrium position and a
stable limit cycle), leading in vocal folds vibrations to two distinct thresholds: an on-
set for increasing Ps and an offset (lower than the onset) for decreasing Ps. At both
thresholds, the onset and the offset of vocal fold oscillations happen abruptly, and in
the intermediate region, jumps from one dynamic regime into the other can be ob-
served (hysteresis). Hysteresis has also been found in excised larynx experiments (Berry
et al., 1996). Mergell et al. (1998) have shown theoretically how the envelope function
r(t) ' a1r+ a2r3 +O(r5) describing the series of oscillations maxima and minima of
the masses can lead to super- and subcritical bifurcation by adding high order term and
incorporating a positive value of the parameter a2. Lucero (1993, 1999) has studied the
hysteresis phenomenon and calculated the onset pressure for the mucosal wave model
of Titze (1988) and described equilibria and threshold pressure of the two-mass model
of Ishizaka and Flanagan (1972).
For phonatory systems other important bifurcation types are: secondary Hopf bifur-
cation, period doubling bifurcation, and abrupt onset of deterministic chaos. Secondary
Hopf bifurcations are due to an emergence of a second oscillation with an independent
(incommensurable) frequency, changing the behavior from a limit cycle oscillation to a
toroidal oscillation. At a period doubling bifurcation, an emerging second frequency at
half the frequency of a limit cycle oscillation changes a limit cycle attractor to a folded
limit cycle attractor. Cascades of period doubling bifurcations or secondary Hopf bifur-
cations can be precursors to the onset of deterministic chaos (for further routes to chaos
see, e.g., Berge et al., 1986).
2.2.4 Lyapunov exponents, Poincaré sections and Fourier analysis
We review here some methods which are often enlightening to classify and recognize
attractors, in addition to the phase portraits: Poincaré sections, Lyapunov exponents and
Fourier analysis.
Lyapunov exponents
Lyapunov exponents are quantities which characterize the rate of separation of infinites-
imally close trajectories. The rate of separation can be different for different orientations
of initial separation vector. Thus, there is a whole spectrum (γ1, . . . ,γn) of Lyapunov ex-
ponents, where n is the phase space dimension. It is common to just refer to the largest
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one (maximum Lyapunov exponent γ1, after sorting the spectrum in descending order),
because it determines the predictability of a dynamical system. More precisely, γ1 in-
dicates that sufficiently small deviations from a trajectory grow, in the mean, according
to exp(γ1t) (Titze et al., 1993). Thus the system is chaotic if γ1 > 0. Otherwise tra-
jectories can approach asymptotically a torus, a limit cycle or a stable fixed point (Fig.
2.5) according to the sign of γ1, . . . ,γn (see Eckmann and Ruelle, 1985, for details). An
algorithm for calculating γ1 from a time series was developed by Wolf et al. (1985) and
used in a modified version in Herzel and Wendler (1991) and Titze et al. (1993).
Poincaré sections
Poincaré sections are another useful tool to characterize attractors. Given a trajectory
on τ ∈ X it can be fruitful to observe the points of intersection of τ with an hyperplane
Σ of X (i.e., dim(Σ) = dim(X)−1). This set of points comprises the Poincaré section,
that is, a graph in n− 1 dimensions, where n = dim(X). Σ can be any hyperplane, but
an appropriate choice yields sections that are more easily analyzed. If x0,x1,x2, . . . are
the points of intersection of τ and Σ, the transformation leading from one point to the
next is a mapping of Σ into itself:
T : Σ→ Σ,
xk+1 = T (xk) = . . .= T k+1(x0)
(2.33)
called Poincaré map.
Poincaré section and map have the same kind of topological properties as the flow
from which they arise (Berge et al., 1986) and simplify the study of continuous flows
consistently. First, Poincaré section replaces the continuous-time evolution of eq. 2.30
with a discrete-time mapping (eq. 2.33), thus replacing differential equations with dif-
ference equations, which are substantially easier to solve. Second, the quantity of data
to be manipulated is greatly reduced. Third, we pass from a flow in n dimensions to
a mapping on a space of dimension n− 1. Attractors in X have all a characteristic
equivalence in the space Σ, as shown in Fig. 2.5.
Fourier analysis
Fourier transforms can also be applied to study a trajectory τ ∈ X . In (relatively) recent
years, the rapid development of computational methods has meant that a signal x(t), a
continuous function of time, is very often measured by sampling and discretizing. It
is therefore common to deal with sampled measured signals, thus a vector of discrete
values (x0, . . . ,xn) at times (0,∆t,2∆t, . . .n∆t = tmax). A discrete Fourier transform of
~x = (x1, . . . ,xn) is the operation creating the corresponding discrete series (compare
31















The aspect of the power spectrum, as discussed in Section 2.1.4, clearly reveals how the
signal~x evolves in time:
í a periodic signal is characterized by a spectrum with peaks at frequencies nT ,
where n ∈ Z and T is the period of the signal7
í a quasiperiodic signal with r frequencies F1, . . . ,Fr contains components at all
frequencies of the form |m1F1 + . . . ,mrFr| with mi ∈ Z8
í aperiodic signals are characterized by a continuous Fourier spectrum.
However, the aspect of a continuous spectrum is not distinguishable from a power
spectrum generated from an aperiodic signal with a really high number of frequen-
cies. Fourier transform is therefore limited with respect to methods of analysis such as
Poincaré sections or Lyapunov exponents. In Chapter 3, in order to confirm the appear-
ance of period doublings and deterministic chaos in the trapezoidal model, we will use
both Fourier spectra and modified Poincaré sections.
2.3
Sound production in birds
Along the lines of the section dedicated to humans, we review now basic principles of
avian sound production.
Birds share with other terrestrial vertebrates the ability to utilize airflow within the
respiratory system as a source of energy (Brackenbury, 1982). The larynx is also present
in birds, located at the rostral9 end of the trachea. However, in contrast with mammals,
the larynx in birds does not house vocal folds for sound production. The avian vocal
7In fact, this situation is rather academic: in practise the period T of the signal is often unknown, the
ratio tmax/T /∈ Z, resulting in a spectrum with secondary peaks centered at each harmonic component,
called sidelobes (see Berge et al., 1986, p. 50-53).




with n1,n2 ∈ Z, the signal is in fact periodic with period T = n1T1 = n2T2. One says that there is a
frequency locking of F1 with F2. All the peaks of the Fourier spectrum are harmonics of the lowest
frequency F0 = 1T =
F1
n1
= F2n2 (Berge et al., 1986, p. 57-58).
9Situated toward the beak. Rostral is technical Latin terminology, very common in functional mor-
phology and medicine (cf. e.g., caudal: situated toward the tail).
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Figure 2.6: Variation in syrinx morphologies (modified after Elemans et al., 2003). From left to right: 1)
Brown thrasher (Toxostoma rufum), which is a typical Passeriniform syrinx (modified after Suthers et al.,
1999 in Elemans et al., 2003). 2) Oilbird (Steatornis caripensis, modified after King, 1989 in Elemans
et al., 2003) and 3) cormorant (Phalacrocorax carbo, modified after King, 1989 in Elemans et al., 2003).
ML, Medial Labium; LL, Lateral Labium; LTM, lateral tympaniform membrane; MTM, medial tympaniform
membrane; b, bronchus; t, trachea.
organ, unique in the animal kingdom, is called syrinx and it is located at the bifurcation
of the trachea into the two bronchi.
2.3.1 Anatomy of the avian syrinx
Due to the high metabolic rate required for flying, birds have a high oxygen demand.
They meet this by having a respiratory system consisting in relatively small lungs plus
nine air sacs that play an important role in respiration. One of this air sacs, the inter-
clavicular air sac (ICAS), completely surrounds the syrinx, which is therefore located
within air space.
Enormous morphological diversity is found in the syrinx of different species. Three
types of syrinx are recognized (Fig. 2.6): tracheal, bronchial and tracheo-bronchial
(for a review of avian syringeal anatomy, see Casey and Gaunt, 1985, and references
therein). Tracheo-bronchial syrinx is particularly common in oscines (songbirds). Song-
birds syrinx is a bipartite structure whose two sides are potentially capable of acting
either independently or together to produce sound, and in the latter case each side of
the syrinx may produce a different sound (Suthers, 1990). For instance, in the north-
ern cardinal (Cardinalis cardinalis) and in the brown-headed cowbird (Molothrus ater),
high-frequency sounds are produced primarily in the right bronchus, and low-frequency
sounds are produced primarily in the left bronchus (Suthers et al., 1999). Within the
syrinx there are two, distinct types of membranes, the lateral tympaniform membrane
(LTM), the medial tympaniform membrane (MTM) and soft tissue masses as the lateral
labia (LL) and medial labia (ML). Among the muscles associated with the syrinx, two
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Figure 2.7: Sketch of the syrinx of the ring dove (Streptopelia risoria, modified after Zaccarelli et al.,
2006).
are extrinsic (musculus sternotrachealis, ST, and musculus tracheolateralis, TL) aris-
ing on the costal process of the sternum (ST) and the cartilages of the syrinx (TL) and
inserting on the trachea (Brackenbury, 1982).
Our attention will be pointed in particular on the syrinx of the ring dove (Streptopelia
risoria), a tracheal syrinx where the vibrating membranes (Fig. 2.7) are located in
the tracheal walls immediately cranial to the tracheobronchial junction (Gaunt et al.,
1982). Contrarily to songbirds, ring dove syrinx is made of one single (and not two
independent) vibrating structure: the LTM is thought to be the primary sound source,
while TL and ST play an important role in the phonatory position of the syrinx (Goller
and Larsen, 1997b).
2.3.2 Sound production in birds
Mechanism underlying sound production in birds is still poorly understood. In contrast
with the situation for the human larynx and vocal tract, for which numerous biome-
chanical, aerodynamic and acoustic studies exist, there were few attempt to analyze
and synthesize the behavior of the avian syrinx and the vocal tract in quantitative terms
(Fletcher and Tarnopolsky, 1998). There are obvious reasons for this difference: the
great variety of anatomical birds dimensions and vocal utterances, and a strong inter-
est in understanding the functioning of our own body. Moreover, due to its inacces-
sible location in the birds body, the function of the syrinx was mainly derived from
morphological observations and physiological measurements such as flow, pressure and
muscle activity (Elemans, 2004) (for reviews, see Nottebohm, 1976; Gaunt and Gaunt,
1985; Goller and Larsen, 2002, and references therein). Despite that, there exists a very
large literature on behavioral, acoustic and physiological aspects of bird song (among
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them, Greenewalt, 1968; Gaunt and Gaunt, 1985), and some attempt to examine passive
acoustics of the avian vocal tract under principles valid fairly generally among different
species (Fletcher and Tarnopolsky, 1998).
For decades, the most widely accepted mechanism of sound production in birds
(classical model) identified the MTM as the vibrating structure. More precisely, sound
generation mechanism was attributed to oscillation of an edge-clamped membrane (the
MTM) while the LL were thought to provide constriction of the syringeal lumen (Casey
and Gaunt, 1985; Gaunt and Gaunt, 1985, and references therein).
However, Goller and Larsen (1997a,b, 2002) changed this dominant idea and dem-
onstrated that in songbirds sound is produced by oscillations or collisions of the labia
(Goller and Larsen, 1997a, 2002). After ablation of the MTM, cardinals and zebra
finches were both able to phonate and sing nearly normally. For non-songbirds we can-
not yet make general statements since the syringeal morphology is more diverse, and
only two species have been studied (Elemans, 2004). However, in pigeons the LTMs
appears to be the main sound generators, since disabling the MTM with tissue adesive
did not prevent phonation nor change the frequency and amplitude structure of vocal-
izations (Goller and Larsen, 1997b).
These new perspectives of sound generation in songbirds suggest that the physical
mechanism of phonation is very similar to that operating in the human larynx (Goller
and Larsen, 2002). However, several aspects must be taken into account, e.g., asym-
metry in syrinx labial mass and morphological differences between songbird syrinx and
human larynx: the ICAS (which ramifies between the two MTMs) and the pessulus
(a cartilaginous tissue connecting the medial walls of the bronchi) could induce pres-
sure connections or structural coupling between the two syringeal sources, respectively
(Nowicki and Capranica, 1986a,b). Furthermore, the MTM could play a role in affecting
the tension of the ML, especially for the generation of high-frequency sounds (Goller
and Larsen, 2002). Therefore, it is likely that in songbirds multiple mechanisms and
intermediate forms are employed for some sound.
Whistled sound
The acoustic spectra of most birdsongs contain either a fundamental tone with or without
harmonics, or broadband noise with all frequencies present (Casey and Gaunt, 1985).
Among these registers, the pure tone quality of some birds (fundamental without har-
monics, also referred as whistled song) has led to the suggestion that birds produce pure-
tone signals in a fundamentally different way as humans. Control of harmonics in bird
songs is widely debated (Riede et al., 2004; Klatt and Stefanski, 1974; Nowicki, 1987;
Nowicki et al., 1992; Beckers et al., 2003a, 2004; Fletcher et al., 2004; Williams et al.,
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1989): some species, such as budgerigars (Melopsittacus undulatus), have whistle-like
songs and not much energy is found in the harmonics (Nowicki et al., 1992), whereas
other species, such as the zebra finch (Taeniopygia guttata), display strong harmonics
during song or calls (see Table 2.3).
Various mechanisms have been hypothesized to be the acoustic source in whistled
songs. Arising from theoretical difficulties in explaining how a vibration-based system
(as in the human larynx) could generate tonal sound (Casey and Gaunt, 1985; Gaunt and
Gaunt, 1985; Fletcher, 1988), alternatives hypotheses were formulated. Among them,
the hole-tone whistle model (Nottebohm, 1976; Casey and Gaunt, 1985): a constric-
tion of the syringeal lumen by membranes or labia was thought to form a narrow slot
were vortex formation occurs as air is forced through the narrow opening. This is the
same principle which underlies the pure tonal content of human whistle (no vocal fold
oscillations) versus voice (vocal fold oscillations)10.
However, experimental evidence by means of songs recorded in heliox atmosphere
did not induce substantial shifts of fundamental frequency in any of the investigated
species (parrots: Brittan-Powell et al., 1997b; pigeons: Ballintijn and ten Cate, 1998;
songbirds: Nowicki, 1987. See Table 2.4). Heliox is a mixture of helium and oxygen
(5:1) which speeds up sound velocity. If tonal sounds were generated like tones of a
hole-tone whistle, the fundamental frequency should also be shifted upwards in light
gas. These findings provide evidence for a vibration-based mechanism, but do not make
it possible to discern between the classical model (membrane vibration hypothesis) and
alternative models. In this case, the most compelling evidence which undermines the as-
sumption of vibrating membranes came from Goller and Larsen: since then, alternative
models of avian sound production were investigated, as discussed later.
In Nowicki (1987), harmonic overtones appeared in vocalizations of nine species of
songbirds which were normally pure-tonal. This result could be explained by a mech-
anism derived from human soprano singing (“soprano model”): an overlap between
vocal tract resonance and valve vibration frequencies results in nonlinear feedback that
suppresses production of harmonics at the source. However, only slight effects on the
spectral content of the vocalizations were observed in parrots and pigeons (Brittan-
Powell et al., 1997b; Ballintijn and ten Cate, 1998. See Table 2.4), which suggests
10An interesting analogy with the acoustics of musical instruments is discussed in Fletcher (1988): in
voiced sound, i.e., when there is mechanical motion of part of the vocal system in the course of sound
production (classical model), an analogy can be found with the mechanism of sound production in reed-
driven woodwind musical instruments (e.g., clarinets, saxophones or oboes). On the other hand whistled
songs, i.e., sounds produced aerodynamically by means of instabilities of air jets in interaction with
apertures, edges and cavities (hole-tone model) may be discussed in analogy with the sound production
mechanism in flutes and organ pipes (see Fletcher, 1988, and references therein).
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Budgerigars (Melopsittacus undulatus)
Order: Psittaciformes (parrot or psittacine). Vocal repertoire mainly tonal. (Brittan-Powell
et al., 1997b, and references therein).
sources (picture and spectrogram): http://en.wikipedia.org/wiki/Image:Blue_male_budgie.jpg and
Brittan-Powell et al. (1997a)
Ring dove (Streptopelia risoria)
Order: Columbiformes. Vocal repertoire tonal (Gaunt et al., 1982).
sources (picture and spectrogram): http://de.wikipedia.org/wiki/Bild:Lachduif.jpg (photo by Coen Ele-
mans, Wageningen Universiteit) and Elemans (2004)
Zebra finch (Taeniopygia guttata)
Order: Passeriformes (passerine or songbird). Vocal repertoire tonal, non-tonal periodic, non-
tonal aperiodic (chaotic) (Fee et al., 1998; Fee, 2002, and references therein).
sources (picture and spectrogram): http://de.wikipedia.org/wiki/Bild:Zebrafinken.jpg and Fee et al.
(1998)
Table 2.3: Summary table of three different taxa of birds.
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species F0 spectral content Refs.
parrots no shift slight effect Brittan-Powell et al. (1997b)
pigeons no shift slight effect Ballintijn and ten Cate (1998)
songbirds no shift appearance of Nowicki (1987)
harmonic overtones
Table 2.4: Songs recorded in heliox atmosphere of three different species of birds: qualitative changes
with respect to normal vocalisations.
that a possible exhaustive explanation could be found in a source-filter model, i.e. a
multi-frequency harmonic sound is filtered to a pure tone sound by vocal tract reso-
nances (Fant, 1960). Summarizing, three hypothesis could explain pure tone birdsong
production (Beckers et al., 2003a):
í a vibrating valve produces a multifrequency harmonic sound, which is filtered to
a pure tone by a vocal tract resonance filter.
í vocal tract resonances are coupled to the syrinx, causing a valve structure to vi-
brate sinusoidally and produce a pure-tone sound.
í a yet-unknown source mechanism produces pure tone sound.
Sound signals recorded close to the syringeal sound source showed that in two closely
related non-oscine species of turtledove (Streptopelia risoria and Streptopelia decaocto)
pure-tone vocalizations originate through filtering of a multifrequency harmonic sound
source (Beckers et al., 2003a). In ring doves (Streptopelia risoria), the upper esopha-
gus, oral and nasal cavities collect expired air during vocalization (Riede et al., 2004).
The level of the second and third harmonics, 2F0,3F0 is reduced in the inflated esoph-
agus and emitted vocalization compared with the trachea, suggesting that the trachea
and inflated esophagus act in series as acoustically separate compartments attenuating
harmonics by different mechanisms (Riede et al., 2004). However, as pointed out in
Ballintijn and ten Cate (1998), because of the large diversity in the morphology of the
avian vocal organ, as well as the acoustic signal in birds, it can not be ruled out entirely
that other hypothesis (such as the hole-tone whistle hypothesis) may play a role in some
avian species.
In general, as clearly recognized by Greenewalt (1968) and re-emphasized by other
authors (Gaunt and Gaunt, 1985; Fletcher, 1988), there is no simple mechanism used
by all birds to produce sounds for communication. In order to explain sound genera-
tion in birds, as pointed out by Elemans et al. (2003), several qualitative models of sy-
ringeal function have been debated (Greenewalt, 1968; Gaunt and Gaunt, 1985; Goller
and Larsen, 2002, and references therein). Until about 1990, only a few attempts have
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been undertaken to describe the physics quantitatively (Brackenbury, 1979; Casey and
Gaunt, 1985; Fletcher, 1988). The issue has been given a new impulse due to the direct
endoscopic observations in birds by Goller and Larsen (1997a,b), leading to quantitative
approaches to the mechanisms underlying songbird sound production based on human
vocal fold models (Fee et al., 1998; Fee, 2002; Gardner et al., 2001; Laje et al., 2002;
Laje and Mindlin, 2002), as discussed in the next section.
2.3.3 Syrinx models
Several models of the avian syrinx have been developed in the twentieth century (Casey
and Gaunt, 1985, and references therein). However, we will be concerned here only
with more recent models starting from Greenewalt (1968). We will denote as Membrane
models the classical models, where the MTM are considered as the vibrating structure
(cf. Aero-acoustic models in Elemans et al., 2003), whereas Labia models (Modified
oscillator models in Elemans et al., 2003) will refer to more recent models, where labial
masses are represented by one or two coupled nonlinear oscillators (as in many vocal
fold models).
Membrane models
Greenewalt (1968) proposed a model in which both voiced and whistled songs are
produced by vibration of the membranes of the syrinx. The frequency of membrane’s
vibration is controlled by its thickness and tension. Bernoulli forces control the motion
of the membranes. The trachea acts as acoustic filter to attenuate or emphasize certain
frequencies depending on the relation between the acoustic impedance of the trachea
and that of the syrinx. In whistled songs, membranes vibration amplitude is assumed
to be small compared to the membranes distance from the opposite wall of the trachea.
Small amplitudes cause nearly sinusoidal membranes vibrations, resulting in an acoustic
output with only a single frequency component (see Section 2.1.4). On the other hand,
voiced sound is assumed to appear when membranes vibrational amplitude approaches
closely, or even contacts, the opposing tracheal wall, resulting in a more rich-harmonic
spectral content.
Brackenbury (1979) developed a model based upon theoretical discussion on a vi-
brating surface panel exposed to a semi-infinite uniform tangential air flow by Ffowcs
Williams and Lovely (1975). This discussion was an attempt to add some quantita-
tive detail to the general model of Greenewalt (1968). The equation of motion of the
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where ρ is the air density, a the membranes radius, A a constant governed by local
boundary conditions, U the flow in the syrinx, m,r are the membrane mass and damp-
ing, and k(x) is a nonlinear stiffness which rises from a minimum resting value to a
maximum when the membranes are fully stretched, by for instance, the suction forces
of the airstream (Brackenbury, 1979). Nonlinear self-sustained oscillation is achieved
by counteracting suction forces (due to the acceleration of air through the syrinx) and
nonlinear elastic restoring force.
Several remarks were made by Fletcher (1988), e.g., the necessity of modifications
because the membrane is acted upon by a flow constrained to lie in a tube, rather than
by a semi-infinite flow field. Moreover, the membranes vibration amplitudes required to
produce typical measured power levels were found to be unreasonably large (for further
discussion, see Fletcher, 1988; Elemans et al., 2003).
Casey and Gaunt (1985) elaborated two different models, one for the voiced sound
and one for whistled sound. The models described in Greenewalt (1968) and other pre-
cursors, (Vibrating Membrane Model - or VMM - in Casey and Gaunt, 1985) correlate
with vocalizations whose spectra contain many harmonics and partials of the fundamen-
tal frequency11, i.e., only a few of the many types of vocalizations found in birdsongs.
Casey and Gaunt (1985) proposed two different models to take into account those vo-
calizations (widely spread among bird songs) whose spectral content is made of just
the fundamental (pure tone), harmonically related frequencies or broad band noise. The
first model is the so-called VSM (Vibrating String Model), which is a limiting case of
the VMM: the MTMs are drawn taut into a string-like shape. The acoustic spectrum
generated by the VSM contains only harmonics of the fundamental frequency and no
partials.
Whistled sound, on the other hand, is thought to be produced by the so-called ADM
(Aero Dynamic Model) with an entirely different mechanism, i.e., a pure whistle effect
without the intervention of any vibration. Oscillations are induced by shear layer in-
stability in air flow. With the ADM, acoustic spectra can contain the fundamental only
(pure tone), harmonic overtones or broadband noise (see Table 2.5).
11Given a spectrum of frequencies (F0 < F1 < .. . < Fn < .. .) of an acoustic signal with funda-
mental frequency F0, we indistinctly adopt in this text the terms harmonic or overtone to indicate every
frequency Fi, i > 0. In Casey and Gaunt (1985), a more precise terminology is assumed: every frequency
Fi, i > 0 is termed overtone. Furthermore, overtones which satisfy:
í Fi = nF0, n ∈ Z are called harmonic overtones (or simply harmonics)
í Fi = nF0, n /∈ Z are called partial overtones (or simply partials)
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no H H H+P ALL
VMM X
VSM X
ADM X X X
Table 2.5: Harmonic content of three classical avian models (VMM, VSM and ADM): no H: fundamental
and no harmonics (pure tone sound), H: fundamental and harmonics only, H+P: fundamental, harmonics
and partials (these vocalizations are typically described as “noisy” in Casey and Gaunt, 1985), ALL: all
frequencies present (broadband noise).
Fletcher (1988) developed the first quantitative membrane model of the avian syrinx,
considering only a single bronchus and a single syringeal membrane. The model al-
lows the calculation of syringeal membrane motion, volume flow U , tracheal pressure
waveforms P and radiated acoustic power P . The radiated power spectrum consists of
harmonically related frequencies, in excellent agreement with a typical spectrum of the
Australian raven (Corvus mellori) when anatomical parameters of this bird were used.
The aerodynamics of the syringeal membranes are driven by the pressure difference
Ps−Psup12 as a function of the acoustic impedance ZG (representing the effective flow
resistance between the air sac and the primary bronchus) and acoustic inertance of the
constriction formed by the membrane.
Pressure force F(t) is then calculated by means of Bernoulli equation and jet as-
sumption. The equation of motion for the fundamental mode of vibration (other modes





where x is the maximum displacement (the central displacement for the fundamental
mode), m is an effective mass associated with the mode (lower than the membrane
mass), ω is the mode frequency, x0 the equilibrium position of the membrane, and ε
measures the coupling between the mode in question and F(t) (however, it is normally
set to unity). While excitations of more than one mode are possible, the usual result
of strong nonlinearity is that one mode becomes dominant and all others are effectively
driven by it (mode locking), which results in a complex but exactly repetitive waveform
(Fletcher, 1978). Therefore, the spectrum of natural frequencies of the membrane is of
relatively little importance for a non-linearly driven system, and there is no need for
concern about this, in contrast with the VSM model of Casey and Gaunt (1985) (for
12We generalize here the term “-glottal” in Ps, Psup to “vibrating membrane”.
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further discussion, see Fletcher, 1978, 1988). The collision force is modelled adding
a nonlinearity to the left hand side of eq. 2.36: r = Er if x < 0, where E is a large
number of order 10 to 100. Elastic nonlinearities as in Brackenbury (1979) are omitted.
A further nonlinearity is added for large vibration amplitudes by increasing the effective
vibrating mass.
Raucous inharmonic screech (“screeched” song) can be easily reproduced for high
air sac pressure and high membrane tension. On the other hand, an attempt to obtain
whistled song is made by assuming small amplitude vibrations, accordingly to Gree-
newalt (1968). However, as pointed out by Fletcher (1988), the radiated sound power is
quite low. Moreover, because of the weakness of the nonlinearity, the second membrane
mode is only partly suppressed, and frequency components arising from it are present
in the song. Therefore, the model does not fully provide a whistled sound mechanism
explanation.
However, aside from the most compelling evidence that vocalizations in birds are
not due to vibrations of the MTM, an alternative objection to the model presented by
Fletcher comes from Laje et al. (2002): in Fletcher’s model the pressure assumed to
drive the MTM was composed of harmonically complex pressure waveform, in contrast
with the simple pressure traces measured by Goller and Suthers in a variety of vocal-
izations (Laje et al., 2002, and references therein). Because the boundary conditions of
the membrane are those of a vibrating drum, the difficulty of generating harmonically
related overtones with a pinned membrane undermines the assumption that the source
of sound is a membrane constrained like a pinned drum.
Labia models
Fee et al. (1998); Fee (2002) proposed a model which attempts to explain the role
of nonlinear dynamics of the syrinx in the vocalizations of zebra finches (Taeniopygia
guttata). The songs of this songbird reveal sudden transition from periodic to aperiodic
or chaotic dynamics, period doubling, and mode-locking transitions. In vitro excised
oscillations of zebra-finch syrinx were quite similar in oscillation frequency and ampli-
tude to normal zebra-finch songs, suggesting that, rather than direct muscular manipu-
lation, the origin of zebra-finch song features are due to intrinsic (nonlinear) dynamics
in the syrinx. Furthermore, simple manipulations of syringeal configuration (deflection
of the LL into the bronchial lumen) increased the fundamental frequency in a nonlin-
ear fashion, exhibiting frequency jumps and oscillations which seem to be constrained
to frequencies which are close to a small integer sub-harmonic of a common higher
frequency (mode locking).
Stroboscopic imaging technique to visualize in vitro oscillations revealed that the
ML, together with the attached MTM, oscillates during sound production. However,
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largest motion amplitude was observed in the ML, rather than the much lighter MTM,
suggesting that the ML plays a central role in syrinx function, in agreement with Goller
and Larsen (1997a).
As a check of consistency, the authors developed a biophysical model of the syrinx
following previous works of Ishizaka and Flanagan (1972) and Fletcher (1988). The
model exhibits qualitatively similar behavior to in vivo zebra finch songs as well as the
in vitro syringeal oscillations: period doubling and transitions from periodic to chaotic
dynamic, as well as mode locking transitions. Possible mechanisms that might underlie
mode-locking are discussed, e.g., coupling of the oscillatory mechanism to tracheal
resonances.
In Fee (2002), a two-mass system is proposed as a consistency check of experimental
measurements of the vibrational modes of the MVM (ML + MTM) system. Results are
consistent with theoretical observations, whereby the oscillation frequency of the syrinx
is determined by the dominant resonant mode of the vibrating membrane (Fletcher,
1978, 1988). The frequency of the lowest vibrational mode is determined largely by the
mass of the heavier ML, rather than the thinner MTM, suggesting once more that the ML
is critical in determining the oscillatory frequency of the syrinx. The MTM could play a
role in the observed wave-like motion of the MVM, which has been shown to be critical
for the efficient generation of sound in human larynx (Titze, 1988). Finally, possible
mechanisms of frequency tuning other than changing MTM tension as in Greenewalt
(1968) are discussed.
The flapping model is a model derived from Titze (1988) presented in Gardner et al.
(2001), Laje et al. (2002), Laje and Mindlin (2002) and Laje and Mindlin (2005). As
pointed out by Elemans et al. (2003), these models were not designed to include an accu-
rate morphology of the syrinx, air-sacs and muscles, but were developed to understand
how simple neural activation patterns (achieved by smooth variation of few parameters)
can lead to complex sound signals in songbird. All models are governed by similar
principles: oscillations of labia are described by relaxation oscillators, i.e., periodic sys-
tems which have fast and slow varying “configurational” states in their period (Jackson,
1989). Relaxation oscillators are typically characterized by a relatively slow storage of
energy, followed by a rapid release of this energy. An example is the well-known van
der Pol oscillator:
ẍ− ε(1− x2)ẋ+ x = 0 (2.37)
for large ε (Berge et al., 1986, p. 28).
In Laje et al. (2002), the equation of motion describing the departure of the midpoint
of the labia, x, from the pre-phonatory position reads:
ẍ = kx− rẋ− cẋx2−F0 (2.38)
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where F0 is a constant force term and c is the nonlinear dissipation term which takes
place when either the labia meet each other or the containing walls.
The flapping model has been used with a slightly modified form than eq. 2.38, to
show how vocalizations of the canary (Serinus canaria), e.g., starts, stops and paused
between syllables (as well as pitch and timbre) are inherent in the mechanics and can
often be expressed by simply varying smoothly two driving parameters, respectively Ps
and k (Gardner et al., 2001).
In Laje et al. (2002), the flapping model described by eq. 2.38 has been tested suc-
cessfully to reproduce experimental recordings of the chingolo sparrow (Zonotrichia
capensis). Coupling with the trachea is ignored, and simulations suggest that significa-
tive coupling is not an issue. However, because a high degree of coupling is given,
among the other things, by a very small AL ratio (vocal tract cross section to vocal tract
length), and the syrinx sits deep in the thoracic chamber of songbirds, some of the com-
plex elements of birds vocalizations could be the result of these feedback interactions.
Laje and Mindlin (2005) presented a simple model for birdsong production in Os-
cine songbirds, taking into account both source-source and source-tract acoustic inter-
actions. In the former (source-source), the vocal sources are not independent from each
other, in the latter (source-tract), acoustic coupling between sources and vocal tract
are considered (i.e., the traditionally source-filter separation hypothesis does not hold).
With this study, the flapping model shows that there might be mechanism, other than
intrinsic nonlinearity of the labia, underlying complex features in spectrograms.
Finally, Mindlin et al. (2003) presented an experimental validation of the flapping
model for the production of birdsongs by comparing recorded and synthetic songs, ob-
tained by driving the model with functions whose time dependence came from record-
ings of muscle activities and air sac pressures. The model produced recognizable songs
and suggests mechanisms by which the activities of different syringeal muscles con-
trol the avian vocal organ for song production, helping to build a bridge between the
behavioral output (song) and the complex representation and execution of vocal com-
munication at the level of the brain (for details, see Laje et al., 2002; Laje and Mindlin,
2002; Mindlin et al., 2003).
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Modelling Bird Songs: Voice
Onset, Overtones and
Registers
This chapter is an extended version of Zaccarelli, R., Elemans, C. P. H., Fitch, W. T.
and Herzel, H. (2005), “Two-Mass Models of the Bird Syrinx”, Proceed. 4th MAVEBA
Workshop (Zaccarelli et al., 2005) and Zaccarelli, R., Elemans, C. P. H., Fitch, W. T.
and Herzel, H. (2006), “Modelling Bird Songs: Voice Onset, Overtones and Registers”,
Acta Acustica united with Acustica (Zaccarelli et al., 2006).
We analyze two symmetric two-mass models of the avian syrinx. Our first
model applies to songbirds and is a rescaled version of the well-known human
two-mass model. Our second model (trapezoidal model) introduces a smoother
geometry and is used to simulate the ring dove (Streptopelia risoria) syrinx. Simu-
lations show that both models exhibit self-sustained vibrations. We show that the
occurrence of collisions and the intensity of harmonics depend strongly on the con-
figuration of the syrinx. The songbird model does not present instabilities. The
trapezoidal model, however, displays coexisting limit-cycles that represent vibra-
tions with, and without collisions at the same pressure. Register-like transitions




Two-mass models of mammalian vocal fold vibration have been used successfully to
describe the normal voice (Ishizaka and Flanagan, 1972; Pelorson et al., 1994), vo-
cal fold paralysis (Isshiki et al., 1978; Smith et al., 1992; Steinecke and Herzel, 1995;
Mergell et al., 2000), prostheses design (Lous et al., 1998), phonation onset (Mergell
et al., 1998), voice instabilities at high pressures (Jiang et al., 2001) and source-tract
coupling (Mergell and Herzel, 1997; Hatzikirou et al., 2006).
As introduced in Section 2.3, in contrast to most mammals, birds do not generate vo-
calizations with their larynx but with their unique vocal organ, the syrinx (Greenewalt,
1968). Instead of vocal folds, thickened membranes called “labia” serve as vibrating
tissue (Goller and Larsen, 1997a; Fee et al., 1998; Larsen and Goller, 1999, 2002).
However, sound production in birds is thought to be based on aerodynamical princi-
ples similar to that of human phonation (Goller and Larsen, 1997a; Fee et al., 1998;
Goller and Larsen, 2002; Mindlin and Laje, 2005). Consequently, similar modelling
approaches might be applicable and several types of biomechanical models have been
developed (Fee et al., 1998; Fletcher and Tarnopolsky, 1998; Gardner et al., 2001; Fee,
2002; Laje et al., 2002; Elemans et al., 2003; Mindlin and Laje, 2005). It is not obvious
that rescaling of the original two-mass model will lead to appropriate oscillations at re-
alistic driving pressures and damping ratios. The syrinx is generally much smaller than
the human larynx, which leads to smaller areas for the interactions between airflow and
vibrating structures and to higher fundamental frequencies of the produced sound.
In this section, we develop two biomechanical models of the syrinx to study the
onset of sound generation and control of higher harmonics (overtones) in the absence of
source-tract coupling.
Low-order models, as discussed in this paper, are over-simplifications of the physi-
ology. More realistic geometries (Pelorson et al., 1994), additional degrees of freedom
(Story and Titze, 1995), coupling to the resonators (Lous et al., 1998) or a more detailed
description of the jet separation (Pelorson et al., 1994) can improve the simulated sound
signal significantly. In this paper we consider rather simple models with somewhat less
realistic output. These core models allow comprehensive bifurcation analyses and we
can address basic questions: Do we find reasonable vibrations of the masses even for
much smaller geometries? How do symmetric upper and lower masses and a trapezoidal
shape influence voice onset, spectral slope and voice instabilities?
In a first model version (rescaled two-mass model), we adapt the well-known sim-
plified two-mass model to the dimensions of a songbird syrinx. Songbirds have two
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pairs of bilateral labia, which can operate as two independent sound sources (Suthers,
1990; Suthers et al., 1999). Our model considers one unilateral pair of labia.
In the second model (trapezoidal model), a more realistic geometry of the so-called
LTM (Lateral Tympaniform Membrane) is adopted to describe the syrinx of a non-
songbird: the ring dove (Streptopelia risoria). The upper and lower masses are con-
nected with mass-less plates on which pressure can act. Such a configuration with
massless plates has been applied to reproduce experimental data from the human voice
and to design laryngeal prostheses (Lous et al., 1998).
Both models exhibit self-sustained oscillations at physiologically realistic parameter
values. In the classical two-mass model, as well as in the model of the songbird syrinx,
collisions occur at medium pressures leading to strong harmonics. In the model of the
dove syrinx, however, collision is partially avoided, leading to more pure tones. We re-
late these observations to the widely discussed topic of how birds control the intensity of
their harmonics (Klatt and Stefanski, 1974; Nowicki, 1987; Williams et al., 1989; Now-
icki et al., 1992; Beckers et al., 2003a; Riede et al., 2004; Beckers et al., 2004; Fletcher
et al., 2004). The trapezoidal model exhibits coexisting vibratory regimes that resemble
vocal registers. At the same subsyringeal pressure, vibrations with and without colli-
sions are possible. Slow variation of subsyringeal pressure can induce subharmonics,
deterministic chaos and a sudden jump to the other “registers”.
3.1.1 The Models: Overview






















F2− r2v2− k2x2 +C2− kc(x2− x1)
)
(3.4)
where Fi are the pressure forces derived from the Bernoulli equation and the jet as-
sumption and Ci represent the collision forces. We will give a detailed description of
both models in the next sections (for technical details of the trapezoidal model, see
Appendix A).
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3.2
Rescaled two-mass model
3.2.1 Derivation and voice onset
The classical two-mass model directly describes the well-known phase shift between
upper and lower edge of aerodynamically driven vibrating tissue (Titze, 1988, 1994).
Originally, this model was derived in order to reproduce human vocal fold vibrations
(Ishizaka and Flanagan, 1972; Pelorson et al., 1994; Lous et al., 1998; Sciamarella
and D’Alessandro, 2004; Hatzikirou et al., 2006). Therefore, it is not obvious that a
rescaling of the original two-mass model will lead to appropriate oscillations at realistic

















Figure 3.1: The rescaled two-mass model of the songbird syrinx.
3.2.2 Parameters setup
The fundamental frequency F0 of many bird songs is on the order of 1 kHz. If we
assume similar tissue elasticities (k1,k2) and density ρ as in human vocal fold modelling
(Ishizaka and Flanagan, 1972), we can derive the appropriate parameters of the rescaled
model shown in Table 3.1. We maintain the 5:1 ratio of lower to upper mass thickness
(compare Fig. 3.1).
The pressures are derived in earlier studies (Steinecke and Herzel, 1995) from the
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symbol description value
` length of the syringeal lumen 0.3 cm
a01 lower rest area 0.0021 cm2
a02 upper rest area 0.00175 cm2
d1 1st mass thickness 0.1 cm
d2 2nd mass thickness 0.02 cm
m1 1st mass 0.0015 g
m2 2nd mass 0.0003 g
k1 1st mass stiffness 0.08 g/ms2
k2 2nd mass stiffness 0.008 g/ms2
r damping constant (r1 = r2) 0.002 g/ms
kc coupling constant 0.025 g/ms2
Table 3.1: Parameters of the rescaled two-mass model shown in Fig. 3.1.









P2 = 0 (3.6)
where Θ(x) is the Heaviside function:
Θ(x) =

1 if x > 0
0 if x≤ 0
The forces Fi, Ci read as in previous studies (Steinecke and Herzel, 1995):
F1 = `d1P1 (3.7)




, i ∈ {1,2} (3.9)





(Ishizaka and Flanagan, 1972). Because of the decreasing mass m, r was
rescaled to keep approximately the same ζ values as in (Ishizaka and Flanagan, 1972).
There is almost no information available on the prephonatory syringeal width (rest areas
values) and on the prephonatory shape (expressed by the ratio a02a01 ) of vibrating tissues
in avian phonation studies. Therefore, we have chosen rest areas a01 and a02 that allow
easy vibrations, i.e., a low onset pressure (according to the values reported, e.g., in
Ishizaka and Flanagan, 1972). The importance of the prephonatory glottal width for the
onset of oscillations has been investigated by Titze (1988) for a rectangular glottis (i.e.,
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Figure 3.2: Simulation results of the rescaled two-mass model with subglottal pressure Ps = 8 cm H2O.
x axis scale: time (msec), y axis scale according to the units given in Table 3.1 (and their relative combi-
nations).

























Figure 3.3: Onset pressure versus the ratio a02a01 . The shaded area above the bifurcation line denotes
the region where self-sustained oscillations occur. The dot represents the default value of the rescaled
two-mass model.
assuming a01 = a02 = a0): the closer the vocal folds are brought together, the easier is
to initiate small-amplitude oscillation. Consistent with this assumption, in the rescaled
two-mass model the driving pressure P1 ' 0 for too large values of a0 (compare eq. 3.5.
We remark that ai = a0 +2`xi by definition). Furthermore, systematic variations of the
configuration revealed that a rectangular or a slightly convergent shape allow realistic
onset pressures (Fig. 3.2 and 3.3).
Fig. 3.4 shows the onset of self-sustained oscillations (solid Hopf bifurcation line)
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for increasing subsyringeal pressure Ps and varying stiffness k1. The onset pressure
of the rescaled model can be below 0.004 gcm ms2 (400 Pascal ≈ 4 cmH2O
1) around
our default parameters. Thus, rescaled dimensions with proper damping ratios and rest
areas lead to an onset of oscillations at realistic pressure values. Therefore our rescaled
two-mass model can serve as a first step to model vibrating tissues in the syrinx.
3.2.3 Intensity of overtones
The intensity of higher harmonics (overtones) is a widely discussed topic in bird song
studies (Klatt and Stefanski, 1974; Nowicki, 1987; Williams et al., 1989; Nowicki et al.,
1992; Beckers et al., 2003a, 2004; Riede et al., 2004; Fletcher et al., 2004). A pure
tone (e.g., a sine wave) has no overtones (see Section 2.1.4). Collisions of the vibrating
tissues, however, lead to pronounced harmonics (Titze, 1994). To study the intensity of
overtones in the rescaled two-mass model, we calculate the power spectrum of the flow
derivative dUdt = U̇ (we recall from Section 2.1.4 that U̇ is a reasonable approximation of
the radiated sound pressure, see Ishizaka and Flanagan, 1972; Rothenberg, 1981; Titze,






which is calculated from the spectral power H0 at the fundamental frequency and the
power at the first harmonic, H1 (see Section 2.1.4). This quantity is closely related
to the widely used spectral slope (Titze, 1994; Sciamarella and D’Alessandro, 2005).
Values below -20 dB indicate that the signal has weak overtones (Goller and Larsen,
1All units are given in centimeters, grams and milliseconds and their corresponding combinations:
hence pressure is measured in gcm ms2 = 10
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2002).


































Figure 3.4: Variation of the onset pressure depending on the stiffness (solid Hopf bifurcation line) and
Harmonic Ratio (HR) values color map above the onset of the pressure. At points A and B, i.e. close and
relatively far away from the Hopf bifurcation, we evaluated the power spectrum of the flow derivative (see
Fig. 3.5). The fundamental frequencies at Ps=900 Pa range from approximately 800 Hz (k1 = 0.0025) to
2,400 Hz (k1=0.45).






























A) Ps =350, k1=0.1
B) Ps =900, k1=0.1
Figure 3.5: Power spectra at two different regimes corresponding to the letters A (upper panel) and B
(lower panel, HR ' -8) in Fig. 3.4. Close to the Hopf bifurcation point (A) (Ps = 0.0035) we observe less
intense harmonics (HR ' -21).
Fig. 3.4 shows the values of HR (in grey scale) for varying subsyringeal pressure
Ps and stiffness k1. Only in the immediate neighborhood of phonation onset nearly
sinusoidal oscillations occur (e.g. at point A in Fig. 3.4). Point B in Fig. 3.4 represents
a more typical situation: collisions of the masses lead to rather strong harmonics (Fig.
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3.5). In summary, the rescaled two-mass model can be used to model sound production
with pronounced overtones. Extensive exploration of the effects of parameter variations
revealed that the observed periodic vibrations with collision are quite robust. No register
transitions or nonlinear phenomena such as subharmonics were found (see Fig. 3.6).






















Figure 3.6: Bifurcation diagram of the displacement of the first mass, x1, for increasing subglottal pres-
sure Ps. We observe a subcritical Hopf bifurcation (dotted lines: unstable fixed point or limit cycles,
solid lines: stable fixed points or limit cycles). No register transitions or nonlinear phenomena such as




In this section we will relax some over-simplifications of the original two-mass model
along the lines of Pelorson et al. (1994) and Lous et al. (1998). The trapezoidal model
aims to describe the syrinx of the ring dove (Streptopelia risoria). In contrast with song-
birds, the vocal organ of ring doves is located at the bronchotracheal junction (Gaunt
et al., 1982; Goller and Larsen, 1997b), i.e. above the bifurcation of the trachea into the
bronchi (see Section 2.3.1). The anatomy of the ring dove syrinx (see Fig. 3.7) sug-
gests that a smoother model is more appropriate (Streptopelia decaocto, Ballintijn et al.,
1995; Streptopelia risoria, C.P.H. Elemans unpublished results). Therefore, each side
of the LTM is modelled as a system of two masses linked together by three massless
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plates (see Fig. 3.8), as presented in Lous et al. (1998). The parameters listed in Table
3.2 were obtained from anatomical studies (published in Elemans et al., 2007. See Table
4.1 on p. 76). Instead of the estimated total mass of approximately 9 mg, we assume a
vibrating mass of 2 mg in order to achieve a reasonable fundamental frequency. Two
important modifications of the two-mass model are introduced:
í symmetry between upper and lower masses (i.e. m1 = m2,k1 = k2,r1 = r2) as
in Lous et al. (1998), because there is no anatomical reason to introduce a small
upper mass as in the classical two-mass model
í smoothed geometry via lower and upper plates which are characterized by the
height parameters d1 and d3, respectively.
These modifications affect the calculation of pressure and collision forces significantly.
For example, even for a closed syrinx there is a pressure force acting on the lower mass
via the lower plate.
symbol description value
2w width of the trachea 0.3 cm
` length of the trachea 0.3 cm
a01 lower rest area 0.003 cm2
a02 upper rest area 0.003 cm2
d1 1st mass height 0.04 cm
d1 +d2 2nd mass height 0.24 cm
d1 +d2 +d3 LTM height 0.28 cm
m masses (m1 = m2) 0.001 g
k stiffness 0.02 g/ms2
r damping constant 0.001 g/ms
kc coupling constant 0.005 g/ms2
Table 3.2: Parameters of the model of the ring dove syrinx (see Fig. 3.8).
3.3.2 Calculation of forces
In the traditional two-mass model, the area exposed to pressure (or collision) is always
rectangular and normal to the motion of the masses (Sciamarella and D’Alessandro,
2004). In order to derive the pressure forces F1,F2, we need to multiply the pressure with
the corresponding area. The collision forces C1,C2 can be written as a linear function
of the areas a1,a2, as in Steinecke and Herzel (1995).
In our trapezoidal model, most of the quantities have to be generalized to adapt to
the new model geometry, as described in more detail in Appendix A. First, we assume
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Figure 3.7: The syrinx of a ring dove (Streptopelia risoria). LTM: Lateral Tympaniform Membranes, MTM:




















Figure 3.8: The model of the ring dove syrinx: the point masses are joined by three massless plates.
for simplicity that all forces above the imaginary horizontal midline at dM = d1+ d22 act
on the upper mass whereas all forces below that midline drive the lower mass (midline
assumption). Note that in Lous et al. (1998), F1 and F2 are derived from a balance
between forces and torques leading to a more detailed derivation of the force terms.
Second, we define the syringeal area at height z as a(z) = 2`x(z), where x(z) is
obtained by means of plate equations, i.e. the linear equations which identify each
plate on the plane xz. Particular values of a(z) are a1,a2 (syringeal areas at 1st and




Pressure force By means of the Bernoulli equation, jet separation assumption and
a(z) defined above, we can calculate the pressure P = P(z) in the syringeal lumen at










Θ(zm− z), if amin > 0
PsΘ(ζmin− z), if amin ≤ 0
where zm is the ordinate at which amin is found and, in case of collision (amin ≤ 0), ζmin
is the minimum collision ordinate, i.e. the minimum ordinate z for which a(z)≤ 0.
If z0 and z1(z0 < z1) are two generic ordinates of points belonging to the same plate
and α the angle formed by that plate with the z axis, the pressure force acting on the
plate area between z0 and z1 will be by definition F(z0,z1) =
∫






Because no vertical motion is supposed, the component along the x axis of this pressure
force reads:










Consequently, and by means of the midline assumption, the forces F1,F2 read:
F1 = Fx(0,d1)+Fx(d1,dM) (3.10)
F2 = Fx(dM,d2) (3.11)
Collision force Traditional two-mass models do not require the calculation of contact
area, because the projected area is rectangular and there is no gradation in opening
and closing (Sciamarella and D’Alessandro, 2004). We define a collision force that is
consistent with eq. 3.9 and admits a gradual variation of contact area in time. First, we
remark that each collision force Ci is zero if:
Ci = 0⇔ ai ≥ 0 AND aM ≥ 0, i ∈ {1,2}
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where δ (z1,z2) is the distance (on the line x = 0) between z1 and z2 along which a(z)<
0.
We chose to normalize C1 and C2 using distance δ in order to keep ci of the dimen-
sion of g/ms2 and to obtain a generalization of the previous collision force. The latter
is found comparing it with the degenerate case d1 = 0. For the implementation of Ci,
we take into account that the integrals in eq. 3.12 and 3.13 are proportional either to
triangular or trapezoidal areas of colliding masses (see Appendix A for details).
3.3.3 Bifurcations in the trapezoidal model
As in Section 3.2.3, we study the onset of oscillations and the strength of harmonics
in our trapezoidal model. The upper panel in Fig. 3.9 shows that oscillations can be
obtained at fairly low subsyringeal pressures (> 200 Pa). Increasing stiffness leads
to an almost linear increase of the onset pressure as observed earlier in other models
(Steinecke and Herzel, 1995; Mergell et al., 1999). An essential modification of the
standard two-mass model is the smoother geometry, i.e. a non-vanishing height d1. It
turns out that in a certain range around our default parameter (d1 = 0.004 cm) oscillations
are easily obtained (lower graph in Fig. 3.9).
Fig. 3.10 shows a one-dimensional bifurcation diagram for increasing subsyringeal
pressure Ps. Fig. 3.11 shows a more detailed bifurcation diagram near the onset visual-
izing coexisting limit cycles and negative values of the areas corresponding to colliding
tissues. We observe in Fig. 3.10 a sudden onset of oscillations around 300 Pa via a
subcritical Hopf bifurcation. The amplitude of the resulting limit cycle increases and no
collision occurs (see Fig. 3.11). At 425 Pa another limit cycle with larger amplitudes
is observed exhibiting collisions of the upper part described by x2 (corresponding to
negative values of a2 in Fig. 3.11). Furthermore, Fig. 3.10 implies that quite distinct
vibration patterns coexist at the same pressure. The large limit cycle contains stronger
harmonics than the smaller one (Fig. 3.12). These observations resemble observations
in previous experiments of the chest to falsetto transitions in excised larynx studies
(Berry et al., 1996). Several register-like transitions were also found in simulations of
an extended two-mass model (Sciamarella and D’Alessandro, 2004). Because the sup-
pression of collision and the register transitions are novel features of our trapezoidal
model, we discuss these phenomena in some detail3.
3A more detailed bifurcation analysis of the trapezoidal model can be found in Appendix B. Results
will be employed in the derivation of muscular functions affecting the ring dove coo (see Chapter 4).
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Figure 3.9: Onset pressure as a function of stiffness (upper graph) and of height d1 (lower graph) for the
trapezoidal model. Initial conditions: [x1,v1,x2,v2] = [0,0,0,0].
3.3.4 Avoidance of collisions
As illustrated in Fig. 3.4, the standard two-mass model is characterized by strong har-
monics due to collision even at small and medium pressures. However, the lower limit
cycle of our trapezoidal model is collision-free even at high pressures and consequently
has only weak harmonics (lower panel in Fig. 3.12). This is due to the increasing steady
state area (see Fig. 3.11) which pulls apart the masses. The equilibrium in the standard
two-mass model, however, is constant, i.e. it does not depend on the subglottal pressure.
If we set the derivatives with respect to time in the equations 3.1 - 3.4 to zero, we obtain
in the two-mass model x2 = kck2+kc x1. For a rectangular shape (a01 = a02 > 0) we get
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Figure 3.10: Bifurcation diagram of the variable x1 for increasing subsyringeal pressure Ps. Note the
coexistence of stable limit cycles around 450 Pa.



















Figure 3.11: Detailed bifurcation diagram of the syringeal areas a1,a2 for increasing subsyringeal pres-
sure Ps.
from eq. 3.2 the trivial solution x1 = x2 = 0. As shown in Steinecke and Herzel (1995),
oscillations starting from that rest position lead to collision, even for small pressures.










(k2 + kc)F1 + kcF2
k1k2 + k1kc + k2kc
> 0 (3.15)
There is no simple analytical solution of this equation. However, because F1 > 0 we get
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P =450 Pa (with collisions)s
P =450 Pa (no collisions)s
Figure 3.12: Power spectra at two different regimes: Collisions at larger vibrations lead to strong har-
monics whereas harmonics decay rapidly for the small limit cycle.
no equilibrium at x1 = x2 = 0. Therefore, the smoother geometry implies that there is
always a force that pulls apart the masses, and the rest position increases linearly with
the subsyringeal pressure (see Fig. 3.10). Fig. 3.11 shows that for the equilibria we
always have a1 > a2, i.e. a convergent configuration. Because for a convergent shape
the suprasyringeal pressure has little effect on the masses, such a persistent convergent
configuration might lead to a reduced source-tract interaction.
It is clearly visible that both areas remain positive for the small limit cycle, while
the large limit cycle exhibits negative values of a2 corresponding to colliding tissues.
3.3.5 Register transitions via subharmonics and chaos
As described above, we found coexistence of a small and a large limit cycle in the range
of 425-535 Pa. This implies that different initial conditions lead to distinct vibration
patterns.
Furthermore, small perturbations can induce sudden jumps from one attractor to
another. In this section we analyze the transition from the large attractor with collisions
to the small limit cycle due to a slow increase of the subsyringeal pressure. Fig. 3.13
shows the spectrogram of the sound pressure generated during the transition from the
large limit cycle (with collisions) to the small limit cycle caused by a slow increase of
the subsyringeal pressure. It is evident that there is a jump from harmonic rich spectra
to a more sinusoidal oscillation.
Furthermore, subharmonics and noise-like components are visible. In Fig. 3.14,
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Figure 3.13: Register transitions from the large limit cycle to the small limit cycle (see Fig. 3.10). Starting
from a subsyringeal pressure of 500 Pa, we observe period doubling and chaos in the vicinity of the jump
to the small limit cycle with less pronounced harmonics.



































Figure 3.14: Power spectra at different pressure values for the large limit cycle depicted in Fig. 3.10: As
visible from the spectrogram in Fig. 3.13, we detect a period doubling and chaos in the vicinity (' 540
Pascal) of the abrupt jump to the small limit cycle.
high-resolution spectra4 confirm the appearance of subharmonics and chaos. Using
phase portraits and Poincaré sections (Fig. 3.15), we have confirmed the existence of
deterministic chaos in our trapezoidal model.
4Integration time from 1000 to 2000 ms in order to avoid transients and time step of 0.0005 msec
(2000 kHz sampling rate).
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Figure 3.15: Attractors and Poincaré sections for oscillations on the large limit cycle (Fig. 3.10) confirm
the appearance of subharmonics and chaos in the trapezoidal model. Each row shows the simulation
results for increasing subglottal pressure (from top row to bottom, Ps = (500,530,531.5) Pa, respectively)
and initial values leading to the large limit cycle (namely (x10,v10,x20,v20) = (−0.006,0,0,0). All units
are given in Table 3.2). Each column, from left to right, denotes: 1) the oscillation of the variable x1 (and
zoom on the plot around the maxima of oscillation), 2) the two-dimensional attractor obtained by plotting
v1(t) versus x1(t) (and zoom around the minima of x1) 3) modified Poincaré section. Transients were
avoided by iterating the simulation on the same integration time t = [0, 100] msec with the last values of
the previous simulation as initial values. Modified Poincaré sections were obtained by plotting the pair
(xmax1 j ,x
max
1 j+1), where x
max
1 j represents the j
th local maximum (obtained by means of parabolic interpolation)
of the curve described by x1.
3.4
Discussion
Our simulations show that rescaled biomechanical models originally developed to de-
scribe mammalian vocal fold vibrations can be adapted to model the bird syrinx. We
assumed that both sound producing organs are excited by the same principle: in the
opening phase a high pressure drives the vibrating structure apart and during closure the
pressure is reduced due to the Bernoulli force. The fundamental frequency is governed
by the mass and stiffness of the vibrating tissue.
Our simulations represent symmetric vibrations. Interestingly, the same model equa-
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tions can be used to model a single vibrating structure (a “hemi-syrinx”). In this case
only the sound intensity is reduced but onset pressure or intensity of harmonics are iden-
tical.
Control of harmonics in bird songs is widely debated (Klatt and Stefanski, 1974;
Nowicki, 1987; Williams et al., 1989; Nowicki et al., 1992; Beckers et al., 2003a, 2004;
Riede et al., 2004; Fletcher et al., 2004): some species have whistle-like songs and not
much energy is found in the harmonics (Nowicki et al., 1992), whereas other species,
such as the zebra finch (Taeniopygia guttata), display strong harmonics during song or
calls.
In all two-mass model versions almost pure tones are found near the onset of vibra-
tions (i.e. near the Hopf bifurcation line shown in Fig. 3.4). In the rescaled two-mass
model, strong harmonics appear at higher pressures due to collisions. For a small upper
mass and a rectangular geometry, collisions leading to strong harmonics can be avoided
only near the phonation onset. At higher pressures counteracting forces would be re-
quired to diminish collisions. We hypothesize that the avoidance of strong collisions
in song birds might be achieved by the medial tympaniform membranes (MTM) that
are continuous with the inner vibrating labia (Fee, 2002). The role of the MTM has
been widely speculated: it may play a distinct role especially for the generation of high-
frequency sounds (Goller and Larsen, 2002), or contribute to the wave-like movements
of the MVM (MTM +ML) observed in stroboscopic images of in vitro syringeal oscilla-
tions (Fee et al., 1998; Fee, 2002): as introduced in Section 2.1.2, wave-like movements
result in a more efficient sound generation than possible with a one-mass oscillator
(Titze, 1988, 1994; Fee, 2002).
In our model of the ring dove syrinx no collisions occur at default parameters. Con-
sequently, harmonics are fairly weak. The smoother configuration and equal upper and
lower masses counteract collisions even at relatively high pressures. This is presumably
due to a stronger effect of the subsyringeal pressure acting on both masses. In a recent
experimental paper, Riede et al. (2004) showed how varying suprasyringeal configura-
tions can suppress the second harmonic in ring doves, and Fletcher et al. (2004) showed
that the combined influence of trachea, glottis and upper esophagus acts as an effective
band-pass filter that eliminates higher harmonics generated by the dove syrinx. Our sim-
ulations reveal that the configuration of the syrinx influences the intensity of overtones.
Therefore, the amount of energy in the harmonics could also be controlled by syringeal
muscles that directly affect the configuration of the syrinx (Goller and Larsen, 1997b;
Elemans et al., 2004, 2006).
Around our default parameters given in Table 3.1 we found no voice instabilities.
On the other hand, we have shown that our trapezoidal model exhibits coexistence of
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attractors and jumps from harmonic rich spectra to more sinusoidal oscillations of the
radiated sound pressure.
A previously published two-mass model of the songbird syrinx (Fee et al., 1998)
demonstrated many instabilities such as period doublings, transitions from periodic to
chaotic dynamics, as well as mode locking transitions. Unfortunately, we are unable
to compare the behaviour of the two models in more details, because the governing
equations and the parameter settings were not provided. Ring doves already exhibit
stronger harmonics during inspiratory phonation compared to expiratory phonation even
at low intensities (Gaunt et al., 1982; Beckers et al., 2003a; Elemans, 2004; Riede et al.,
2004). This implies that asymmetries between outflow and inflow of the air have to be
taken into account. In Appendix B, a detailed bifurcation analysis of the trapezoidal
model will lead to a first attempt of simulation of the coo during inhalation, suggesting
possible mechanisms involved in the generation of more rich dynamics. Instabilities
such as frequency jumps are commonly observed in the ring dove coo (Beckers et al.,
2003b; Elemans, 2004). Even our current model described in this paper exhibits already
coexistence of different “registers”. However, although intrinsic nonlinear properties of
the syrinx add complexity to the level of motor control (Fee et al., 1998; Fee, 2002),
only muscle control can explain the fast but gradual frequency modulations of ring dove
coos (Elemans et al., 2004).
In this paper we have shown that the geometry and the rest position of the syrinx
can influence the harmonic spectra drastically. Our simulations are a first step towards
more realistic modelling of the syrinx. In the next chapter we will incorporate the dy-
namic control of associated superfast syringeal muscles. This will allow a quantitative
comparison of observed bird songs and simulations.
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Biomechanics and control of
vocalization in a non-songbird
This chapter is an extended version of Elemans, C. P. H., Zaccarelli, R., and Herzel,
H. (2007), “Biomechanics and control of vocalization in a non-songbird”, J. Royal Soc.
Interface (Elemans et al., 2007).
The neuromuscular control of vocalisation in birds requires complicated and
precisely coordinated motor control of the vocal organ (i.e. the syrinx), the respi-
ratory system and upper vocal tract. The biomechanics of the syrinx is very com-
plex and not well understood. In this paper, we aim to unravel the contribution of
different control parameters in the coo of the ring dove (Streptopelia risoria) at the
syrinx level. We designed and implemented a quantitative biomechanical syrinx
model that is driven by physiological control parameters and includes a muscle
model. Our simple nonlinear model reproduces the coo, including the inspiratory
note, with remarkable accuracy and suggests that harmonic content of song can be
controlled by the geometry and rest position of the syrinx. Furthermore, by sys-
tematically switching off control parameters, we demonstrate how they affect am-
plitude and frequency modulation and we generate new experimentally testable
hypotheses. Our model suggests that independent control of amplitude and fre-
quency seems not possible with the simple syringeal morphology of the ring dove.
We speculate that songbirds evolved a syrinx design that uncouples the control of
different sound parameters and allows for independent control. This evolutionary
key innovation provides an additional explanation for the rapid diversification and




The neuromuscular control of vocalisation in birds requires complicated and well- or-
chestrated motor control of the vocal organ (i.e. the syrinx), the respiratory system and
upper vocal tract (e.g., Wild, 1997). Especially songbirds, which learn their song from
a tutor, provide an excellent and widely used model system for sensorimotor learning
and human speech acquisition (Doupe and Kuhl, 1999). The biomechanics and neuro-
muscular control of the syrinx, which is a modification of the trachea and/or bronchi
located at the bifurcation of the trachea into the bronchi, is very complex and not well
understood. An emergent model organism to study the biomechanics of phonation and
its control is the ring dove (Streptopelia risoria). The syrinx morphology of this species
is relatively simple (Fig. 4.1) with only two paired muscles controlling its geometry,
compared to 6-8 pairs in most songbirds (King, 1989). Because this non-songbird does
not learn the syntax of its species-specific song as songbirds do (Nottebohm, 1972), it is
of less interest to study vocal learning. However, juveniles of a closely related species
still require motor practice to utter the final characteristic coo (Ballintijn and ten Cate,
1997), which indicates the individuals must go through numerous iterations to match
their vocal output with some sort of neural template.
In pigeons, sound is produced in the syrinx by flow induced-oscillations of mem-
branes (Goller and Larsen, 1997b; Larsen and Goller, 1999). The control of the funda-
mental frequency of the sound and the gating of sound elements happens at the level of
the syrinx (Greenewalt, 1968; Goller and Suthers, 1996a,b). Despite the seeming sim-
plicity of the dove coo, the syrinx demonstrates surprisingly complex dynamics, sound
is produced during expiration and inspiration (Gaunt et al., 1982), the coo exhibits fast
trills (Elemans et al., 2004) and frequency jumps (Beckers et al., 2003b).
Many forces act on the sound producing Lateral Tympaniform Membranes (LTMs)
(Fig. 4.1b): pressure gradients (Gaunt et al., 1982; Beckers et al., 2003b) and syringeal
muscles (Elemans et al., 2004, 2006) affect variations in geometry and tension (Gaunt,
1983). These forces affect the tension in the LTM (Gaunt, 1983; Fletcher, 1992), and
most likely also the oscillation amplitude and phonation onsets. This complex interplay
of forces is hard to dissect without a biomechanical quantitative approach.
Several conceptual models have been proposed to explain the biomechanics of coo
production that use a separation of single physiological correlates with frequency mod-
ulation (FM) and amplitude modulation (AM) (e.g., doves: Beckers et al., 2003b; song-
birds: Goller and Suthers, 1996a,b). This separation in functional attributes is most
likely a too simple representation. Especially nonlinear oscillators, which are used to
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Figure 4.1: Syrinx morphology (a) toto view of ring dove syrinx. (b) longitudinal cross-section of ring
dove syrinx. Several forces acting on the Lateral Vibratory Masses (LVMs): a pressure gradient from
bronchus to trachea (circles), the transmural pressure Pt from air sac to syringeal lumen (black arrow),
muscle activity (white arrow). (c) Micro-CT scan of syrinx. Note that due to its flattened shape, ring T2 is
able to better withstand the torques generated by the m. tracheolateralis (TL). (d) Sagittal cross-section
through a fresh syrinx slightly below the TL insertion. The right LVM is cut higher; some TL fibres are cut.
The arrows indicate LVM width and length as presented in Table 4.1. LVM: Lateral Vibratory Mass, Pt :
transmural pressure, T1-2: tracheal rings, TL: musculus tracheolateralis, ST: musculus sternotrachealis.
The syrinx in Fig. 4.1a has been published in a different form as Online supplemental information ac-
companying Elemans et al. (2004) and in Elemans et al. (2006). The syrinx cross-section in Fig. 4.1b is
modified from Zaccarelli et al. (2006).
67
4.2. The biomechanics of phonation in ring doves
model vocal fold oscillations (Ishizaka and Flanagan, 1972; Gardner et al., 2001; Fee
et al., 1998; Laje and Mindlin, 2002; Mindlin and Laje, 2005; Laje et al., 2001, 2002),
can show conversion from AM to FM in certain regions of their parameter space (e.g.
the Duffing oscillator in Elemans et al., 2004).
In this paper, we aim to unravel the contribution of the different control parameters
in the coo of the ring dove at the syrinx level. First, we briefly review the literature and
aim to integrate and explain all observations into a novel biomechanical framework.
Second, we characterize a standardized coo with all physiologically important parame-
ters using earlier studies and additional measurements. Third, we implement a biome-
chanical syrinx model that is driven by the derived physiological control parameters.
This model provides a consistency check for our formulated biomechanical framework.
Furthermore, with our model, we can systematically switch on and off the control pa-
rameters to determine how they affect amplitude and frequency modulation. As such,
we can also assess if it is reasonable to correlate amplitude and frequency modulation
to separate physiological correlates and we can generate new experimentally testable
hypotheses.
4.2
The biomechanics of phonation in ring doves
Over the last decades, the mechanics and physiology of phonation in doves have re-
ceived some attention, but some data have been interpreted in an older framework miss-
ing recent insights (e.g. based on the assumption that other structures acted as the prin-
cipal sound sources). Here, we aim to integrate all observations into a new framework.
Gaunt et al. (1982) show that abdominal muscles generate expiratory pressure pulses
passing through the syrinx. However, during the coo, the beak and nares are closed
and the air is collected in an inflating esophageal crop (Riede et al., 2004). Direct
observations of the syrinx during induced phonation using brain stimuli in pigeons by
(Goller and Larsen, 1997b) show that
í the Lateral Tympaniform Membranes (LTMs) are the sources of the sound and
í the syrinx is brought into a “phonatory position” by two paired syringeal muscles;
the m. sternotrachealis (ST) and m. tracheolateralis (TL) as hypothesized earlier
by (Gaunt et al., 1982).
Whereas the TL directly affects position in the LTM (Fig. 4.1a, b), the ST moves the
entire syrinx downward (Goller and Larsen, 1997b). However, the LTMs in ring doves
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are not thin membranes (see Section 4.5), but more resemble labia with larger masses.
Therefore the denomination membrane seems not appropriate and we will argue that
Lateral Vibratory Mass (LVM, Fig. 4.1) is a more appropriate name than Lateral Tym-
paniform Membrane. To avoid confusion, we will consistently use the abbreviation
LVM from now on.
Although there are no direct observations in freely singing doves, several indirect
measurements support the idea that the syringeal aperture is modulated and controlled
by syringeal muscles. First, the duration of TL muscle activity is equal to the duration
of sound elements during the trill (Elemans et al., 2004). Second, simultaneous pressure
and flow recordings suggest that the syrinx is open during sound production and mostly
closed in between sound elements: when sound starts, the bronchial pressure drops and
when sound stops, flow decreases to almost zero (Gaunt et al., 1982; Beckers et al.,
2003b). These observations can be explained by the hypothesis that TL contraction
modulates the position of the LVM and as such the syringeal aperture (Elemans et al.,
2004, 2006).
After the initial pressure drop due to opening of the syrinx, the bronchial pressure
increases again during every sound element in the trill (Fig. 4.2a). Gaunt et al. (1982)
suggest this is due to increased activity of abdominal muscles synchronized with the
TL. Indeed the pressure slope starts increasing at the inflexion points on the negative
slope of the pressure curve (Fig. 4.2a-c, local minima of dpdt in Fig. 4.2b), which can
be indicative of a start of force generation by the abdominal muscles. We measured
the delays between abdominal muscle EMG activity and pressure by digitizing the data
presented in Gaunt et al. (1982). The delay between the onset of abdominal muscle
EMG activity and the local minima in dpdt measures 7.7± 2.6 ms for the last five trills
(Fig. 4.2). The pressure starts increasing 21.0±7.4 ms after the onset of EMG activity.
These delays are consistent with a typical delay between electrical activity (EMG) and
mechanical muscle action for skeletal muscle (e.g., Norman and Komi, 1979; Komi,
2000; Carroll and Wainwright, 2006) and therefore the claim by Gaunt et al. (1982) is
feasible. This again emphasizes that the generation of trills in doves demands a high
level of synchronization of syringeal and respiratory muscle activation.
The parameters controlling the fundamental frequency are not well established. The
common and most simple assumption is that the fundamental frequency (F0) of LVM
oscillation is determined by tension in the LVM (Fletcher, 1992). Beckers et al. (2003b)
report that the F0 correlates with the pressure in the air sac in which the syrinx is
suspended; the interclavicular air sac (ICAS). Birds have a unique and elaborate air
sac system for respiratory ventilation (Duncker, 1971). Pressure differences between
air sacs have been reported during many activities such as normal respiration (Brack-
enbury, 1972), sound production (Brackenbury, 1972) and locomotion (Boggs et al.,
1998, 2001). Beckers et al. (2003b) hypothesize that ICAS pressure modulates the ten-
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Figure 4.2: Function of abdominal muscles and air sac pressure derived from literature. (a)-(c) Data
digitized from Gaunt et al. (1982). Abdominal muscles contract to increase bronchial pressure. (a)
posterior thoracic air sac (PTAS) pressure, (b) time derivative of air sac pressure in (a) and (c) EMG
activity of abdominal muscles (integrated trace, time constant 1 ms). Onset of muscle activity (red solid
lines) commences 7.7± 2.6 ms (mean ±739 S.D., n=5) before the inflexion points of air sac pressure
(blue dashed lines corresponding to local minima in (b)). (d)-(f) Data digitized from Beckers et al. (2003b).
Transmural pressure waveform is in phase with interclavicular air sac (ICAS) pressure waveform. (d)
Fundamental frequency (F0) during trill. (e) ICAS (solid line) and cranial thoracic air sac (CTAS) pressure
(dotted line) patterns. (f) calculated transmural pressure (Pt ) using eq. 4.1 and the data in (e). Local
maxima (blue arrows, corresponding to the label “M”) and minima (red arrows, corresponding to the label
“m”) for Pt , ICAS and fundamental frequency coincide.
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sion in the LVM. However, tension in the membrane is the result of the net force that
acts on the membrane. When looking at the forces acting on the LVM (Fig. 4.1b), it
becomes clear that any pressure differences between the air sac surrounding the syrinx
(the interclavicular air sac) and syringeal lumen causes a net force to act on the LVM.
This so-called transmural pressure Pt affects the tension in the membrane (Bertram and
Pedley, 1982; Bertram, 2004). We define the transmural pressure as external pressure
minus upstream pressure, where we take ICAS pressure as external pressure and assume
that caudal thoracic air sac (CTAS) equals upstream or bronchial pressure (see Section
4.3.1):
Pt = PICAS−PCTAS, (4.1)
where PICAS and PCTAS are the pressures in ICAS and CTAS respectively. When we
derive Pt from the data presented by Beckers et al. (2003b), we see that the calculated
Pt is in phase with the pressure in the ICAS (PICAS) (Fig. 4.2d-f). Therefore correla-
tion techniques cannot differentiate between PICAS or Pt as modulators and as such the
function “frequency modulator” cannot be attributed to either one of them using correla-
tion. Considering the mechanics, the LVM tension is affected by both 1) the transmural
stress caused by a pressure differential between the bronchus and ICAS and 2) the stress
exerted by muscles.
To summarize, we hypothesize that
í the tracheolateralis muscle (TL) modulates the position of the lateral vibratory
mass (LVM) and as such the syringeal aperture and
í both the transmural pressure and TL stress affect tension in the LVM.
4.3
Compilation of a standardized coo
We compiled a quantitative dataset of all the parameters affecting sound production
at the syrinx level. Many doves have 3 different coo types; the nest-, bow- and perch
coo (Goodwin, 1983). We did not differentiate between these coos because in ring doves
there are no apparent differences in overall acoustic structure (Beckers et al., 2003b). We
combined published and additionally collected physiological and morphological data
to construct a “standard coo” (Fig. 4.3). Our primary focus is the trill where fastest
and most complex interactions occur. If we look at the forces acting on the syrinx
membranes (Fig. 4.1b), the most important physiological control parameters are 1) the
bronchial-tracheal pressure gradient, 2) the transmural pressure difference and 3) the
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stress exerted by syringeal muscles. It should be noted that all these control parameters
are the ultimate result of muscle action and therefore all under direct neural control. All
pressures are noted as gauge pressures, i.e. pressure relative to atmospheric pressure.
To construct all synchronized time dependent parameters of the standard coo, we start
with simultaneously recorded signals of emitted sound, caudal thoracic air sac (CTAS)
pressure and electromyograms (EMG) of the syringeal muscles. These signals were
recorded as part of previous studies (Elemans et al., 2004, 2006).
4.3.1 The bronchial-tracheal pressure gradient
To understand the vibrations of the Lateral Vibratory Membrane (LVM), we need to
know upstream (i.e. bronchial) and downstream (i.e. tracheal) pressure because the
pressure drop along in the LVM defines the oscillation regime, analogous to collapsible
tube systems (e.g., Bertram, 2004; Grotberg and Jensen, 2004) and human vocal fold
models (Titze, 2002).
To estimate upstream pressure, i.e. the bronchial pressure, the common assumption
is that pressure in two easily accessible air sacs, either the pressure in the posterior
thoracic air sac (PTAS) or caudal thoracic air sac (CTAS), equals bronchial pressure for
most species of birds (e.g., Gaunt et al., 1982; Suthers et al., 1994; Goller and Suthers,
1996a; Mindlin et al., 2003; Suthers and Zollinger, 2004). To our knowledge, no record
of direct bronchial pressure exists of any bird species during song. We studied silicone
casts of the air sac system in ring doves, and found that the connections or ostia of the
lung with CTAS are close to the bronchi (1-3 mm) cf. Duncker (1971). Therefore also
in this case, it is safe to assume that the pressure in the CTAS is a good estimate for
bronchial or subsyringeal pressure. Published PTAS and CTAS pressure patterns for
ring doves are highly similar (compare PTAS pressure in figures 5, 6 and 7 in Gaunt
et al., 1982 with CTAS pressure in figures 1 and 2 in Beckers et al., 2003b and CTAS
pressure in Fig. 4.3b). A small phase shift between the pressure waveforms of air
sacs cannot be ruled out, but from what is known from morphology and airflow pattern
models there is no reason to assume large differences in amplitude (Brackenbury, 1972).
The maximal pressure in the PTAS and CTAS is 3.5 kPa (=35 cmH2O), with a
slight variation introduced by the emotional state of the individual bird (Gaunt et al.,
1982). Therefore, it is reasonable to set the maximal pressure for CTAS, PTAS and
ICAS in the air sac system to 3.5 kPa. To determine the bronchial-tracheal gradient,
we measured CTAS pressure by canulating CTAS in six male doves (data collected in
collaboration with Dr. F. Goller as part of previous studies: Elemans et al., 2004). Our
results are consistent with earlier measurements; maximal pressure is 3.5 kPa and the
temporal pattern is highly similar (figure 3b).
Tracheal pressure gradually increases during the coo, because the air is not exhaled
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Figure 4.3: Standard coo (a) spectrogram and oscillogram of dove coo. Superimposed on the spectro-
grams is a fundamental frequency analysis (light line). (b) bronchial pressure. The vertical dotted line
indicated the transition from expiration to inspiration. (c) rectified EMG of tracheolateralis muscle (TL).
The shaded areas in background (red areas) represent the TL activity associated with sound elements.
(d) stress generated by TL (e) transmural stress (bottom trace) and sum of transmural and TL stress. Pt :
transmural pressure, PTL: stress generated by TL, Psum: sum of Pt and PTL.
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but collected in the esophagus (Gaunt et al., 1982; Riede et al., 2004). The peak pres-
sure for tracheal pressure rarely exceeds 0.5 kPa (=5 cmH2O) and often only slightly
exceeds the respiratory exhalation pressure of 0.1 kPa (=1 cmH2O). Because this pres-
sure is low compared to the bronchial pressure, we will assume that the downstream
pressure equals atmospheric (0 kPa). This simplification implies that the CTAS pres-
sure defines the bronchial-tracheal pressure gradient.
4.3.2 The transmural pressure differential
As discussed above, any pressure difference between the bronchial-tracheal gradient
on the one hand and the pressure in the ICAS on the other, results in a net force on
the LVM and therefore in a tension change in the membrane. As can be seen in Fig.
4.2e and 4.2f, the transmural pressure (Pt) oscillates in phase with PICAS and almost in
phase with PCTAS. To reconstruct Pt from PCTAS, we retain the oscillation in PCTAS, and
normalized the magnitude to 1 kPa as measured in Fig. 4.2f (bottom trace in Fig. 4.3e).
4.3.3 Syringeal muscles
In ring doves, two syringeal muscles affect LVM position; the paired m. tracheolateralis
(TL) and m. sternotrachealis (ST) (Fig. 4.1). Although the ST seems important for
stability of the syrinx (crows: Chamberlain et al., 1968; thrashers: Goller and Suthers,
1996a,b; doves: Elemans et al., 2006), they do not act directly on the LVM and we will
ignore them here to simplify matters. We use the following algorithm to construct the
stress exerted by the TL. First, we define blocks of muscle on/off activity by creating a
binary on/off signal from the measured EMG signal (Fig. 4.3c). The threshold needed
to calculate the binary signal was set to the mean value of the noise level plus three
times the standard deviation. Second, we fit exponential rise and fall curves through
the tetanic isometric contraction data of Elemans et al. (2004) and calculate their time
constants. The maximal stress is set to 20 kN/m2 (= maximal isometric stress from Ele-
mans et al., 2004). Third, we numerically construct the stress signal using the extracted
time constants and the on/off EMG signal (Fig. 4.3d). We omit the pre-trill pulses of
muscle activation (Fig. 4.3c), and include only pulses associated with sound elements.
The total stress acting on the LVM is Psum = Pt +PTL (Fig. 4.3e).
4.3.4 Morphology
The thickness of the LVM varies along the syrinx. We assume that action of TL mostly
affects the mass between tracheal rings T1 and T2 (Fig. 4.1b), because the tracheal rings
T2 - T20 form a stiff box and both T1 and T2 are flattened rostro-caudally (Fig. 4.1c).
Furthermore, endoscopic observations by Goller and Larsen (1997b) show that in the
74
4. Biomechanics and control of vocalization in a non-songbird
rock pigeon (Columbia viva), action of TL and ST especially affects the position and
tension of the LVM between T1 and T2. We measured the dimensions and estimated
mass of the LVM in four adult male ring doves. LVM height is measured between
T1 and T2 (Fig. 4.1b), and LVM length and width are measured slightly below the
TL insertion between tracheal ring T1 and T2 (Fig. 4.1d) using a MicroPhot-FXA
microscope (NIKON) and ANALYSISpro software.
4.4
Biomechanical model description
We modeled one unilateral LVM with the trapezoidal model described in the previ-
ous chapter. Because two-mass models have been studied intensively for human and
nonhuman phonation, they provide a well-established starting point. Now we contrast
our approach to two previously developed types of syrinx models introduced in Section
2.3.3 (for a review of syrinx models see Elemans et al., 2003). The first mathematical
model of the syrinx by Fletcher (1988) models the LVM as a thin membrane. However,
the LVMs in ring doves are not thin membranes (see results in Section 4.5). Therefore
the denomination membrane seems not appropriate and the structures more closely re-
semble labia with larger masses (Fig. 4.1 and Table 4.1). Furthermore, as also noted by
Laje et al. (2002) (see Section 2.3.3), in order to produce vocalizations with a natural
spectral content, the driving pressure in Fletcher’s model is composed of a harmoni-
cally complex pressure waveform, which does not correspond to the simple pressure
traces. Therefore, the model of Fletcher (1988) is not a good starting point to model
the ring dove syrinx. The second group consists of elegant single-mass models devel-
oped by Mindlin, Laje and co-workers (see Section 2.3.3). These models are deliberate
simplified to the bare minimum to study nonlinear effects caused by control parameters
(Gardner et al., 2001; Laje et al., 2001, 2002; Mindlin et al., 2003; Mindlin and Laje,
2005). However, the control parameters cannot be easily translated back to physical
properties.
Fig. 4.4 shows cartoons of our biomechanical syrinx model in three different config-
urations; convergent, rectangular and divergent. The subsyringeal pressure Ps generates
a pressure force on the plates and pushes the masses outward, loading the two springs
and dampers. The two masses are interconnected by a single spring with coupling con-
stant kc. Above a threshold value, the pressure induces self-sustained oscillations of the
masses. The opening and closing of the syringeal aperture creates pressure waves i.e.
sound.
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Description Value (mean ± S.D.) Corresponding model
parameter (Fig. 4.4a)
height T1-T2 (mm) 2.2±0.4 (n = 4) d1 +d2 +d3
maximal width of LVM 1.6±0.3 (n = 8)
between T1-T2 (mm)
depth (mm) 3.2 `
tracheal diameter (mm) 3.0 2w






Figure 4.4: Biomechanical syrinx model. The biomechanical syrinx model in convergent (a), rectangular
(b) and divergent (c) shape. Horizontal line in (c) is the midline of the model. Parameters are explained
in text and listed in Table 4.1 and 4.2. (d)-(f) Bifurcation diagrams of oscillation onset pressure versus (d)
rest area, (e) tension parameter Q and (f) shape of the rest configuration (or prephonatory shape). The
shaded region above the bifurcation line represents self-sustained oscillation. The dark area in between
the dotted lines (blue area) indicates the parameter range used in the simulations (see Appendix C).
Following classic two-mass models for human sound production, the pressure forces
within the syringeal lumen that act directly on the labia are obtained using Bernoulli’s
law and the jet separation assumption (see Section 2.1.2 and Chapter 3). We summarize
here in few points the basic assumptions described extensively in Chapter 3:
í We assume that the air stream separates from the vocal fold surface at the smallest
syringeal opening area to form a jet (Pelorson et al., 1994; Titze, 1994). This jet
keeps the pressure above the jet separation point close to zero. For the divergent
shape, a non-fixed separation point improves the simulated sound (Pelorson et al.,
1994) and this method is used in a study of vocal fold model with applications to
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prostheses design (Lous et al., 1998). However, because we have no information
on the flow field inside the syrinx, we assume a fixed separation point in the
divergent case cf. previous models (Ishizaka and Flanagan, 1972; Story and Titze,
1995; Steinecke and Herzel, 1995).
í Our syrinx model deviates from the classical two-mass models in two important
points.
À we assume symmetry between the masses (m1 = m2, k1 = k2, r1 = r2).
Á we introduce a more smooth geometry; on each unilateral side of the LVM
the two masses are linked with three mass-less plates (Fig. 4.4a-c).
í We define a collision force that pushes the two contralateral LVMs away when
they collide. The collision force is a linear function of the area which the two
LVMs overlap (Fig. 4.4b).
í To evaluate force on each mass, we assume that all forces acting below the syrinx
midline (horizontal line in Fig. 4.4c) act on the lower mass m1, whereas all the
forces acting above act on the upper mass m2 (a more detailed description of
the equations of motion and pressure evaluation of our model can be found in
Appendix A).
í The flow derivative U̇ = dUdt is used as an approximation of the suprasyringeal
sound (Ishizaka and Flanagan, 1972).
4.4.1 Implementation of time dependent parameters
In Section 4.2, we argue that the syringeal muscles, bronchial pressure and the transmu-
ral pressure affect the geometry and tension of the LVM. We hypothesize that
À activity by the TL muscle modulates syringeal aperture and
Á the sum of the transmural pressure and muscle stress (Psum = Pt + PTL) modulates
LVM tension.
We implemented the above hypotheses in our model, as described in detail in Appendix
C. The modulation of rest areas (i.e. syringeal aperture) is a linear function of force
exerted by the TL (Fig. 4.3d). We implemented tension modulation of the LVM by
means of parameter Q(t), which re-defines the masses and the stiffness of the LVM as
a function of time: m(t) = mQ(t) , k(t) = kQ(t), where mass m and stiffness k are the
default values (Table 4.2). Several implementations of Q have been used in Ishizaka
and Flanagan (1972) and Steinecke and Herzel (1995). The definition of Q is motivated
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Description Symbol Value
width of syringeal base (mm) w 1.5
depth of syringeal base (mm) ` 3.0
height of mass 1 (mm) d1 0.4
height of mass 2 (mm) d1 +d2 2.4
LVM height (mm) d1 +d2 +d3 2.8
mass∗ (g) m (m1 = m2) 1.7 ·10−3
stiffness∗ ( gms2 ) k 22.0 ·10
−3
damping constant ( gms ) r 1.2 ·10−3
coupling constant∗ ( gms2 ) kc 6.0 ·10
−3
rest area of mass 1 (mm2) a01 0.3
rest area of mass 2 (mm2) a02 0.3
∗Parameters are rescaled during coo according to eq. 4.2 (for details, see Appendix C)
Table 4.2: Model parameters, for geometry parameters see Fig. 4.4, Chapter 3 and Appendix A.
by the relation F0 = 12π
√
k
m , which defines the natural oscillation frequency (F0) of a
single mass-spring system. For a detailed analysis of natural frequencies of oscillations









We systematically explored the bifurcation behaviour of our model (for details, see Ap-
pendix B) using the XPPAUTO software package (available at www.math.pitt.edu/
~bard/xpp/xpp.html).
4.4.2 Scaling functions
As discussed above, the measured values of the stress due to TL are in the range [0,20]
kN/m2. Simulations of the model indicate that the corresponding range at rest areas a0i
is between -3 and 1 mm2. We introduce a scaling factor to transform the range of TL
values linearly to the range of rest areas. In a similar way we rescale the range of Psum to
Q values between 0.8 and 1.2 to match the frequency range of the coo (see Fig. 4.4e). A
detailed description of the scaling functions a0i(t) and Q(t) can be found in Appendix
C. We assume that F(t) varies tissue mass and stiffness around their default values. This
requires a slight increase of the default m and k values, closer to the measured values





) - a measure for viscous loss of energy in the focal fold tissue - was kept
equal to the values set for human vocal cords (Ishizaka and Flanagan, 1972; Steinecke
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and Herzel, 1995). Because of the increased mass and stiffness values, we slightly




We hypothesized that the tracheolateralis muscle (TL) modulates the syrinx aperture
and that the net stress working on the LVMs modulates their tension. Table 4.1 lists
the morphological input parameters. The LVM has a thickness (width) of 1.6±0.3 mm
(n=8). Therefore, the term “membrane” in the previously used term “Lateral Tympani-
form Membrane” seems not appropriate regarding the connotation in both physics and
histology. As introduced before, we will therefore use the abbreviation Lateral Vibra-
tory Mass (LVM). We explore the model behaviour during expiration by studying free
parameters not provided by measurements (for details, see Appendix B). Such parame-
ters allow us to maintain the necessary model assumptions as well as to explore possible
different model behaviours. These parameters are rest areas a0i, and shape of the rest
configuration (a01a02 ). Bifurcation diagrams of these parameters and tension Q regarding
the onset pressure can be seen in Fig. 4.4d-f. The shaded area above the bifurcation line
represents oscillations of the LVM. These diagrams reveal that:
í onset of oscillations decreases when the rest area approaches zero (see Fig. 4.4d).
Therefore oscillation is possible at low pressures when the LVMs are adducted
into the lumen.
í For rest areas close to zero, a slightly divergent pre-phonatory shape (a01a02 < 1,
Fig. 4.4f) leads to a lower onset of oscillations. Furthermore, a slightly divergent
pre-phonatory shape leads to more instabilities, such as period doublings, at low
pressure values (see Appendix B).
Fig. 4.5 shows the whole coo synthesized with our biomechanical model using the
“standard coo” input signals from Fig. 4.3. Both the sound oscillogram and spectrogram
closely resemble the sound uttered by the dove (Fig. 4.6). When we look closer at
the trill, the most dynamic part of the coo, our model reproduces the up and down
modulation during on-, and offsets during trill elements and the gradual modulation
in between very well (Fig. 4.5e). Our model also reproduces the sharp onset of trill







Figure 4.5: Simulation of the ring dove coo (a) sound spectrogram, (b) sound oscillogram, (c) flow in the
trachea, (d) area of syringeal aperture for mass 1 (a1) and mass 2 (a2). (e)-(h) same signals zoomed in
on the trill. Superimposed on the spectrograms is a fundamental frequency analysis. Negative areas in
(d) and (h) indicate that the syrinx is closed in between sound elements.
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Figure 4.6: The effect of control parameters on the trill (a) Recorded sound in vivo. (b)-(e) model simula-
tions with (c) no transmural pressure (d) no TL activity, and (e) no transmural pressure and no TL activity.
In (c), the rest areas are constant (a0i = 0.3 mm2, see Table 3.2 on p. 54). In (d), Q(t) = 1 (see eq. 4.2)
and rest areas are constant (a0i = 0.3 mm2). Superimposed on spectrograms are: dark blue line, F0
analysis of recorded coo in (a); light line, F0 analysis of current signal. Left panels: sound spectrograms,
Right panels: sound oscillograms.
is zero (Fig. 4.5g) and the syringeal aperture areas are negative in between trill elements
(Fig. 4.5h), implying that the syrinx is closed.
4.5.2 In silico experiments with control parameters
With our model, we can systematically switch on and off the control parameters trans-
mural pressure Pt and TL activity to determine how they affect amplitude modulation
(AM) and frequency modulation (FM). Fig. 4.6 shows what happens when we de-
activate the TL muscle, the transmural pressure modulation and both. First, we observe
that turning off the transmural pressure, has a very small effect on either the onset of
sound elements, AM or FM (compare Fig. 4.6b and 4.6c). Also during the fast trills,
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both AM and FM closely resemble the original coo recording in Fig. 4.6a. However,
switching off the TL has profound effects on both gating and FM (Fig. 4.6d and 4.6e),
compared to the original recording. Obviously there is no distinct gating of sound ele-
ments anymore. However, the overall amplitude of the sound is still modulated, but now
by the bronchial pressure. The remaining small depth of FM is the result of changes in
transmural pressure. By turning off both the TL and transmural pressure as modula-
tors of Q (Fig. 4.6e), practically no FM remains and the amplitude is modulated by the
bronchial pressure.
4.5.3 Asymmetry between expiration and inspiration
In a typical ring dove coo, nonlinear transitions such as period doublings and chaos
are rare during expiration, and the radiated output signal is almost purely tonal. The
amplitude of the harmonics 2F0 and 3F0 during a steady part of the second syllable
for the coo depicted in Fig. 4.3a, measure -55 and -40 dB respectively compared to F0.
These values are very similar to published values: 2F0 and 3F0 are both 40 dB lower
in amplitude respectively in Riede et al. (2004) and 40 and 45 dB lower in Beckers et al.
(2003a). The inspiratory note following expiration on the other hand, is characterized
by richer harmonic spectra (Fig. 4.3a). The amplitude of the harmonics 2F0 and 3F0
are 8 and 12 dB higher compared to the fundamental frequency.
Our model also exhibits more rich harmonic spectra during inspiration than during
expiration (Fig. 4.7, see Appendix B for details). The first and second harmonic measure
respectively −22 dB and −34 dB in amplitude compared to the fundamental during
expiration, and −6 dB and −12 dB during inspiration. These results imply that the
geometry of the model can influence the harmonic sound spectra, because the shape of
the LVM differs between simulated expiration and inspiration.
4.6
Discussion
We establish a novel biomechanical framework for sound production in ring doves
(Streptopelia risoria). Integrating published experimental data, we hypothesize that
À the tracheolateralis muscle (TL) modulates the position of the Lateral Vibratory
Masses (LVM) and as such the syringeal aperture and
Á both TL stress and the transmural pressure affect tension in the LVM.
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Figure 4.7: Simulation of the asymmetry expiration / inspiration: (a) Spectrogram and (b) oscillogram of
inspiratory note simulation. (c) Power spectral density estimations of segment A (Seg A) during expiration
and (d) segment B (Seg B) during inspiration. Segments are taken from (b) as indicated.
We designed and implemented a quantitative biomechanical model to confirm the va-
lidity of these hypotheses. Our simple nonlinear model reproduces the coo with great
accuracy and as such provides strong evidence for our biomechanical framework. This
is not a trivial result, because nonlinear dynamical systems make the principle of super-
position no longer applicable: different excitations may result in different time-courses,
described by nonlinear dynamics theory (Arrowsmith and Place, 1990; Strogatz, 1994;
Titze et al., 1993). As described in Chapter 3, in simulations with time-constant pa-
rameters (with the previous version of our model), we showed that different parameter
values can lead to distinct oscillation patterns, and small perturbations induced jumps
from one attractor to the other (Zaccarelli et al., 2006). In principal, the interplay of
forces that affect rest areas, stiffness and subsyringeal pressure can lead to nonlinear
phenomena such as subharmonics, biphonation or deterministic chaos (Fee et al., 1998;
Wilden et al., 1998; Fitch et al., 2002). In a typical ring dove coo, register transitions
to aphonia, period doublings or chaos are rare during expiration or inspiration. The
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simulations with physiological input parameters (Fig. 4.5 and 4.6) do also not exhibit
transitions to different dynamical regimes. Ring dove coos can also exhibit punctuated
frequency jumps (Beckers et al., 2003b), but these are not reproduced by our model.
We present the first model of bird song that implements a muscle model to calculate
force produced by the muscle. The force production by the muscle is based on its actual
contractile properties and activation and not simply a function of EMG activity.
The thickness (width) of the LVM is 2-16 fold higher than reported in other species.
In the closely related rock pigeon (Columbia viva), the LVMs are masses of connective
tissue measuring up to 0.1 mm thick (Goller and Larsen, 1997b). In ducks, reported
values range from 360 µm (Frank et al., 2006) to 750 µm (Warner, 1972). The LVMs
in ring doves seem to more closely resemble the consistency and geometry of the mam-
malian vocal folds or songbird’s labia. Until direct observations were made in situ of the
oscillating LVMs by (Goller and Larsen, 1997b), the Medial Tympaniform Membranes
(MTM) were thought to be the vibrating sound sources (see Section 2.3). These much
thinner membranes (5-20 µm; Casey and Gaunt, 1985) inspired the implementation of
quantitative models where the sources were modelled as a membrane (Fletcher, 1988)
or string (Casey and Gaunt, 1985), as described in Section 2.3.3. Our model provides a
better description of the actual syrinx geometry.
Larsen and Goller (1999) observed 0.5 - 1.0 mm oscillations of the LVM in pigeons.
We can derive the maximal oscillation amplitude of one modelled LVM from Fig. 4.5d
and the relation a2 = 2`x2+a02 (see Appendix A). We have to consider mass 2, because
Larsen and Goller (1999) had a top-view of the syrinx. The maximal oscillation am-
plitude of our modelled LVM is 0.8 mm ( 4.82·3.0 ), which corresponds very well with the
observed 0.5 - 1.0 mm. Larsen and Goller (1999) also suggest that a smaller amplitude
vibration (0.001 - 0.1 mm) exist on top of the 0.5 - 1.0 mm oscillation using a vibration
detector that detected light reflectance of the LVM. This signal is hard to interpret in
terms of lateral movement of the LVM and could for example also represent an oscilla-
tion in dorso-ventral closure or a tracheal wall vibration. We do not observe this small
amplitude oscillation in our simulations.
4.6.1 Harmonics in bird song
As discussed in Section 2.3.3, the membrane and string based mathematical models
were initially also implemented because they provided a mechanical basis to explain
the almost pure-tone sounds generated by many birds (Casey and Gaunt, 1985; Fletcher,
1988, 1989). However, sound seems to be predominantly made by colliding syringeal
labia (songbirds: Larsen and Goller, 2002) or LVMs (Goller and Larsen, 1997b) just as
in humans, other mammals or geckos (Paulsen, 1967). As such, the syrinx produces a
harmonically rich signal. Recent papers provide an explanation how many birds reduce
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the higher harmonics and radiate their typical, almost pure tone sounds. The upper vocal
tract acts as a filter in ring doves (Beckers et al., 2003a) and is actively tuned to enhance
the fundamental frequency of song during vocalisation in some songbirds (Riede et al.,
2006) and doves (Fletcher et al., 2004; Riede et al., 2004).
As discussed in Chapter 3 and Appendix B, our model suggests that the geometry
and rest position of the syrinx can also influence the harmonic spectra drastically (Fig.
4.7). Simulations with constant rest areas (see Chapter 3) demonstrate collision-free
oscillations even at high pressures (3.0 kPa = 30 cmH2O), mainly because the pressure
acts only on the first mass via the lower plate. This leads to an oscillation pattern charac-
terized by weak harmonics compared with standard two-mass models, where avoidance
of collisions can be obtained only at pressure values slightly above the onset pressure.
During the coo simulation, the syrinx is in a persistent convergent shape (a1a2 > 1, Fig.
4.4a). As such, the suprasyringeal pressure has little effect on the masses, which might
lead to reduced source-tract interaction. This again suggests that filter mechanisms in
doves are closer to those in human phonation (Beckers et al., 2003a) in contrast to other
possible explanations, such as the soprano-model.
4.6.2 Control of sound production
We can conclude that the complex interplay of bronchial pressure, syringeal muscle
force generation and transmural pressure all affect precise amplitude and frequency
control. In the case of ring doves, the syringeal muscles have the most profound effect
on both amplitude modulation (AM) and frequency modulation (FM). Nevertheless, a
separated physiological correlate with amplitude or fundamental frequency of the pro-
duced sound (Gaunt et al., 1982; Beckers et al., 2003b) seems not to be the case. Even
bronchial pressure directly affects the fundamental frequency (Fig. 4.6d, 4.6e). The
implementation of a muscle model to calculate force produced by the muscle instead of
EMG correlates, provides explanation for the fast frequency rise and fall at the on and
offset of each trill element.
Our model suggests that the control of frequency modulation during sound produc-
tion is relatively independent of a pressure difference between air sacs compared to
direct muscular control in ring doves. Brackenbury (1972) shows that a small caudo-
cranial pressure gradient exists in the air sac system. This gradient plays an important
role for the gas exchange during ventilation. He provides the only directly measured
differential pressure between air sacs, and demonstrates that the difference between
interclavicular air sac (ICAS) and anterior thoracic air sac is negligible, and that the
difference between ICAS and abdominal air sac is only one tenth of the parent pres-
sure. During clucking in a chicken the maximal pressure in the ICAS is 1.0 kPa (=10
cmH2O), while the differential with the anterior thoracic air sac maximally only mea-
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sures 0.03 kPa (Brackenbury, 1972). Furthermore, the transmural pressure is very small
compared to the pressure that can be exerted on the LVM by the TL muscle (1.0 kPa vs
20 kPa).
Our in silico experiments have their in vivo experimental counterparts and thus lead
to testable predictions. Switching off the TL as in Fig. 4.6, equals performing a bilat-
eral nerve cut experiment. Switching off the transmural pressure equals an experiment
where the ICAS syringeal pressure is levelled, e.g. by making a hole in the bronchus.
Therefore, we expect that a coo after a bilateral nerve cut exhibits similarity to Fig.
4.6d. Levelling the bronchial and ICAS pressure might be a more difficult experiment,
because the structural integrity of the syrinx is easily affected.
The small FM range of 400 Hz in ring doves is limited, but might still play an im-
portant role in perception (Beckers et al., 2001). For human listeners, an illustrative
example is the two-tone vocalisation of the Common Cuckoo (Cuculus canorus): the
two tones are distinct, but their fundamental frequency (respectively 650 and 550 Hz)
differs only 100 Hz. Although many non-oscine’s vocalisations may have a limited fre-
quency range, almost every family harbours species capable of considerable FM sweeps
(i.e., with ranges in the frequency modulation up to approximately 8 kHz; Bergman and
Helb, 1982; Kroodsma, 2005) or intricate song (Ficken et al., 2000).
The classification of the songbirds and the mechanisms explaining the radiation of
the group into the most diverse and numerically dominant avian order are still under
debate (Ericson et al., 2003; Barker et al., 2004). The evolution of a complex syrinx
and the ability of vocal learning is used to explain this radiation (Baptista and Trail,
1992; Raikow, 1986). The songbird syrinx design is highly conserved in evolution
(Ames, 1971; King, 1989) and has 6-8 pairs of muscles (King, 1989). However, there
seems to be no correlation between syringeal and song complexity (Gaunt, 1983; Bap-
tista and Trail, 1992). Some syringeal muscles have been correlated with fundamental
frequency or amplitude of sound (Goller and Suthers, 1996a,b; Suthers et al., 1999), but
the biomechanical effects of each individual muscle, let alone combinations of differ-
ently recruited muscles, are far from understood. Our model suggests that independent
control of song characteristics is not possible with the simple syringeal morphology
of the ring dove, as suggested before by Gaunt (1983). We speculate that songbirds
evolved a syrinx design that allowed for the independent control of sound parameters.
Uncoupling the control of different sound parameters as an evolutionary key innovation
would lead to a tremendously increase in the possible variation of song, which provides




In this thesis, we have done a first step towards more realistic modelling of the avian
syrinx. Our quantitative approach represents a first attempt into the delicate field of the
quantitative biology; biomechanics is founded on the same basic principles as ordinary
mechanics, but fewer idealizations can be made in analysis (Titze, 1994). Therefore,
much of biomechanics is still at a descriptive level of analysis, although the quantifi-
cation of the material properties of body tissues on the basis of molecular structure has
been subject in recent years of considerable progresses. In humans, and even more in
birds, one major problem of quantitative approaches in biomechanics is the accessibility
of the material under investigation. Moreover, in birds only in last years the understand-
ing of the mechanisms underlying sound production advanced very rapidly (Elemans
et al., 2003).
The trapezoidal model, although simplified in many aspects, already represents a
valid model to study quantitatively the contribution of different siryngeal muscles and to
generate new experimentally testable hypotheses (see Chapter 4). However, the contri-
bution of new quantitative experimental data could lead to several improvements which
include:
í a more detailed description of the physiology
í the implementation of the force distribution (cf. Lous et al., 1998) rather than the
simple midline assumption
í the aerodynamic description of the flow (cf. Pelorson et al., 1994)
í a more detailed quantitative investigation of the syringeal muscles. In particular
(see Appendix C):
À the study of a weighted contribution of Pt and PTL
5. Outlook
Á the study of possible further effects on labia positions and tissue elasticity
(e.g., the musculus sternotrachealis ST)
Among birds, songbirds, which learn their song from a tutor, provide an excellent
and widely used model system for sensorimotor learning and human speech acquisition
(Doupe and Kuhl, 1999), and therefore mathematical modelling of the songbirds syrinx
can help to build a bridge between the behavioral output (song) and the complex rep-
resentation and execution of vocal communication at the level of the brain (Laje et al.,
2002; Laje and Mindlin, 2002, 2005; Gardner et al., 2001; Mindlin et al., 2003; Mindlin
and Laje, 2005). We presented in this thesis the rescaled two-mass model to study pres-
sure onset and avoidance of collisions in the songbirds syrinx. Two-mass models (e.g.,
Fee et al., 1998; Fee, 2002) have been relatively seldom applied to study the songbirds
syrinx, although recent insights (Goller and Larsen, 1997a,b, 2002) encourage possible
two-mass model approaches in the study of the mechanisms underlying sound produc-
tion in songbirds. Certainly, in account of the complex structure of the songbirds syrinx,
the rescaled two-mass model presented in this thesis needs to implement a more detailed
description of the physiology.
However, even with our low-order model, investigation of the respective contribu-
tions of the two labia to songbird sound production remains a challenging experimental
task: although quantitative data do not exist, the lateral labium LL appears to have a
larger mass than the medial labium ML (Goller and Larsen, 2002). Such mechani-
cal asymmetries underlie nonlinear acoustic phenomena in humans (e.g., Steinecke and
Herzel, 1995).
Moreover, the medial tympaniform membrane (MTM) could be incorporated in the
rescaled two-mass model (e.g., via a third small mass - or membrane - attached to the
mass m1) to test the role of the MTM in songbirds, which is still debated: it could
play a role in the observed wave-like motion of the composite MTM and ML structure
(Fee, 2002) which has been shown to be critical for the efficient generation of sound
in human larynx (Titze, 1988), it may play a distinct role especially in the generation
of high frequency sounds (Goller and Larsen, 2002), or could be responsible for he
suppression of higher harmonics by decreasing the amount of collisions between the
masses (see Chapter 4).
In both models, we studied pressure onset, control of harmonic overtones and “reg-
isters” of the sound radiated by the birds syrinx in absence of source-tract coupling.
However, in many birds vocalizations the filter of the trachea seems to be relevant
(Fletcher and Tarnopolsky, 1998; Riede et al., 2004, 2006) in the production of pure
tone sounds and complex vocalizations: even disregarding complex labium structure,




In addition to labium structure and source-tract coupling, the interaction between
the two sound sources is also a possible dynamical origin of complexity (i.e., nonlin-
ear phenomena): the ICAS (which ramifies between the two MTM’s) and the songbird’s
pessulus (a cartilaginous tissue connecting the medial walls of the bronchi) could induce
pressure connections or structural coupling between the two syringeal sources, respec-
tively (Nowicki and Capranica, 1986a,b). A two-mass model approach with acoustic
source-source and source-tract coupling could be investigated to gain insights into the
mechanisms of sound production in songbirds.
Finally, an extremely challenging issue could be to investigate how some birds can
imitate human speech. It has been suggested that, analogous to human speech produc-
tion, tongue movements in parrot vocalisations modulate formant characteristics inde-
pendently from the vocal source (Beckers et al., 2004). Moreover, Klatt and Stefanski
(1974) have shown that in trained Indian Hill mynah bird, some vowel spectra have clear
formant patterns but many have multiple resonances and formant splitting effects that
cannot be accounted for in terms of an acoustic tube model of formant generation, as in
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Derivation of geometrical quantities
We present here a detailed description of the geometry of the trapezoidal model and the
calculation of forces acting on the masses. Our results are implement in MATLAB code
to provide easy visualization of the dynamic changes of the model.
In the syringeal frontal plane, we denote the horizontal axis as x and the vertical as z
(Fig. A.1). As in previous models (Ishizaka and Flanagan, 1972; Steinecke and Herzel,
1995), x1 = x1(t), x2 = x2(t) in eq. 3.1-3.4 on p. 47 will indicate the displacement of
mass m1, m2, while x01, x02 will denote the rest position of the two masses (we suppose
no vertical motion along the z axis).
Points On the plane xz, we define the point Ti as the position of mi, i∈ {1,2}, T0,T3 as
the boundary points of the LTM on the tracheal walls, and TM ∈ γ2 as the point located
A.1. Derivation of geometrical quantities
at the γ2 height midline. The geometrical coordinates of these points are:
T0 = (w,0)
T1 = (x01 + x1,d1)
TM =
(






T2 = (x02 + x2,d1 +d2)
T3 = (w,d1 +d2 +d3)



































Figure A.1: 2-D view of the trapezoidal model in the frontal plane xz. Note the comparative lengths of
the arrows labeled P(z) to indicate the action of the Bernoulli pressure P(z) at height z (eq. A.1).
Lines The line segment γi, i ∈ {1,2,3} will identify the ith mass-less plate of every
LTM: it is defined as the part of the line passing for Ti−1 and Ti and bounded between
these two points. From the geometrical coordinates of each line1, choosing z as the
independent variable, we can get the abscissa x = f (z) of a generic point T placed on













z+w if 0≤ z≤ d1
x02 + x2− x01− x1
d2
(z−d1)+(x01 + x1) if d1 < z≤ d1 +d2
w− x02− x2
d3
(z− (d1 +d2))+(x02 + x2) if d1 +d2 < z≤ d3
0 otherwise
Syringeal areas In the plane xy, a1 and a2 will denote, as in previous models, the part
of the tracheal area formed by the position of the masses m1 and m2. The syringeal area
ai (i ∈ {1,2}) reads ai = 2`(x0i +xi), where ` is the length of the syringeal lumen along
the y axis (see Fig. A.2).
Figure A.2: Trapezoidal model in 3D view.
We define amin = min{a1,a2}. In the
same way are defined the areas a0, aM,
a3 corresponding to the points T0, TM,
T3. Generalizing, we define syringeal area
a(z) at height z as follows:
a(z) =
{
2`x(z) if 0≤ z≤ d3
0 otherwise
where x(z) has been obtained in the for-
mer paragraph by means of LTM plate’s
equations. Note that, in our notation, a1 =
a(d1), a2 = a(d1 +d2).
Collision points Collision of the LTM is geometrically equivalent to the condition
amin < 0. During collision, the property a(z) = 0 holds for two and only two points on
the LTM plates. We define mathematically the collision point ordinate (c.p.o.) of the ith
plate as:
ζi = {zT ,T = (xT ,zT ) ∈ γi : a(zT ) = 0}, i ∈ {1,2,3}
Therefore, according to the masses displacement a pair of collision point ordinates
(ζ1,ζ2), (ζ2,ζ3) or (ζ1,ζ3) is univocally determined during collision. For each pair,
we denote the minimum c.p.o. as ζmin = min{ζi,ζ j}, i 6= j.
Angles We define the angles α1 and α2 (see Fig. A.2), both lying on the plane xz, as
follows:
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A.1. Derivation of geometrical quantities
í α1: plane angle formed by the the line γ1 and the vertical line (parallel to z axis)
passing for T0
í α2: plane angle formed by the line γ2 and the vertical line (parallel to z axis)
passing to T1
In the following, given a line γi, i ∈ {1,2} we will refer as αi as “the angle formed by
γi”.
According to the previous definitions, in Table A.1 are summarized the main geo-
metrical quantities which will be recalled throughout this section.
points (c.p.o. =collision point ordinate)
z0 = 0 T0 ordinate
z1 = d1 T1 ordinate
zM = d1 +
d2
2 TM ordinate
z2 = d1 +d2 T2 ordinate














a0 = 2`w s.a. at height z0
a1 = 2`(x01 + x1) s.a. at height z1
aM = 2`(x01+x1+x02+x22 ) s.a. at height zM
a2 = 2`(x02 + x2) s.a. at height z2















(z−d1−d2)+a2 if d1 +d2 < z≤ d3
s.a. at height z
Table A.1: Geometrical quantities.
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A. Trapezoidal model: geometrical definitions and calculation of forces
A.2
Calculation of forces
We assume that the air stream separates from the vocal fold surface at the smallest
syringeal opening area (amin) to form a jet. This jet keeps the pressure above the jet
separation point close to zero. According to the Bernoulli equation (see Section 2.1.2),
when the syrinx is open (amin > 0) we can define at any point in the syrinx lumen







where ρ is the air density, U is the flow (and consequently Ua(z) is the particle velocity),
a(z) is the syringeal area at height z (see Table A.1) and Ps is the subsyringeal pressure.
A.2.1 Flow
Along the lines of Steinecke and Herzel (1995), we denote the suprasyringeal pressure
Psup as P0 (see Fig. A.1). Setting P0 = 0, the flow can be calculated from eq. A.1:

















A.2.2 Pressure at height z





















Which is true only if eq. A.2 holds, i.e. if z is in the syrinx lumen between a0 and amin
and amin > 0. A general formula of P(z) during open configuration can be expressed by










A.2. Calculation of forces
where Θ(x) is the Heaviside function:
Θ(x) =
{
1 if x > 0
0 if x≤ 0
and zamin is the ordinate of the point at which amin is found, i.e., zamin = d1 if amin = a1,
otherwise (amin = a2) zamin = d1 +d2.
Eq. A.4 holds for an open syrinx. In case of collision (amin ≤ 0), all the points with
ordinate in the interval [0,ζmin] are exposed to the subsyringeal pressure Ps, where ζmin
is the minimum c.p.o.. Therefore, if amin ≤ 0:
P(z) = PsΘ(ζmin− z) (A.5)











Θ(zamin− z) if amin > 0
PsΘ(ζmin− z) if amin ≤ 0
In Table A.2 we summarize the values of P(z) according to the syringeal geometry.














Figure A.3: F components acting on the LTM.
By definition, the pressure force exerted





In our case, P is the pressure P(z) calcu-
lated in the previous section, while A is
the surface of the LTM on which this pres-
sure acts (see Fig. A.3). For a generic
point T at height z, the LTM surface at
height z can be easily expressed as A(z) =
` zcosα , where α is the angle formed by the
plate where T lies (Fig. A.3).
Therefore, if we consider two generic
ordinates z′ and z′′ both located on the same plate γ and z′ < z′′ (see Fig. A.3), the
surface area between z′ and z′′ is given by A(z′′)−A(z′). Consequently, the pressure





















































if 0 < z < z1
0 otherwise









Ps if 0 < z < ζ2
0 otherwise









Ps if 0 < z < ζ2
0 otherwise









Ps if 0 < z < ζ1
0 otherwise
Table A.2: Trapezoidal model: syrinx configurations and relative pressure values. The redundant cases
[3a] and [3b] are displayed separately because they will lead to different pressure force values derived
from P(z) (see Table A.3)
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A.2. Calculation of forces
where in (1) we used the relation dA = `cosα dz.
Because no vertical motion is supposed, the real force acting on the plate area be-
tween z′ and z′′ which affects the motion of the masses will be the component of F(z′,z′′)
along the x direction:




A.2.4 Pressure forces acting on the masses
For i ∈ {1,2} we denote as Fi the force generated on the ith mass by the pressure on the
syringeal lumen. We assume for simplicity (midline assumption):
À The pressure acting on a point z on the first plate will affect the motion of the 1st
mass, as well as the pressure on a point z located on the lower half of the second
plate γ2 (d1 < z≤ d1 + d22 ):







Á The pressure acting on a point z located on the upper half of the second plate γ2
(z > d1 + d22 ) will affect the motion of the second mass m2:






According to the syrinx geometry, which affects the pressure P(z), eq. A.7-A.8 reduce
to the formulas listed in Table A.3 (cf. Table A.2); in a closed configuration, as P(z)
is nonzero up to the minimum c.p.o. ζmin (see eq. A.5), according to the midline
assumption we have F2 = FX(zM,z2) = 0, FX(z1,zM) = 0 when ζmin = ζ1 < z1 (case [4]
in Table A.3) and two distinct cases when ζmin = ζ2: ζ2 > ζM (case [3b]) and ζ2 ≤ ζM
(case [3a]: here again F2 = 0). Nevertheless, when nonzero F1 and F2 can be easily







PsΘ(ζmin− z) dz = `Ps(min{ζmin,z′′}− z′)
In an open configuration, as P(z) is nonzero up to zamin (jet separation, see eq. A.4), we
have F2 = FX(zM,z2) = 0, FX(z1,zM) = 0 when zamin = z1 (case [2], divergent configu-
ration). Otherwise, the components FX whereby we calculated F1 and F2 read (note that















































































































Table A.3: F values according to LTM configurations.
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A.2. Calculation of forces
To solve this integral, because a(z) is a linear function of z, we can write a(z) = mz+q
for m,q ∈ R. Therefore:










































Traditional two-mass models do not require the calculation of contact area, because the
projected area is rectangular and there is no gradation in opening and closing (Scia-
marella and D’Alessandro, 2004). We define a collision force that is consistent with eq.
3.9 on p. 49 and admits a gradual variation of contact area in time. First, we remark that
each collision force Ci is zero if:
Ci = 0⇔ ai ≥ 0 AND aM ≥ 0, i ∈ {1,2}

















where δ (z′,z′′) is the distance (on the line x= 0) between z′ and z′′ along which a(z)< 0.
For simplicity, in the following we will denote δ (0,dM) as L1 and δ (dM,d3) as L2 (see
Fig. A.4).
We chose to normalize C1 and C2 using distance Li in order to keep ci of the dimen-
sion of g/ms2 and to obtain a generalization of the previous collision force. The latter
is found comparing it with the degenerate case d1 = 0. For the implementation of Ci,
we take into account that the integrals in eq. A.9 and A.10 are proportional either to































Figure A.4: The quantities Li and A (Li).
Then, defining A (Li) =
∫
Li x(z)dz, we obtain Ci =
ci
Li
A (Li). This (only apparent) com-
plication is justified by the fact that the calculation of A (Li) is much easier because
involves simple geometry: in fact, A (Li) is the colliding area on the frontal plane xz
(see Fig. A.4), which can be either a triangle, or a trapezoid (see Table A.4).
Figure A.5: A (L1): triangular case (a) and trape-
zoidal case (b).
If A (Li) is the area of a triangle, de-
noting as h the height of the triangle along
the x direction and z the relative ordinate














According to the possible syringeal con-
figurations, we have: a(z) = a1 (C1 case
[a] in Table A.4), a(z) = a2 (C2 case [e])
or a(z) = aM (C1 case [d], C2 case [b]).
If A (Li) is the area of a trapezoid,
from simple geometry we obtain (see e.g.














Because hi = ai2` (i ∈ {1,2}) and hM =
aM















































































































Table A.4: C values according to LTM configurations.
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A. Trapezoidal model: geometrical definitions and calculation of forces







In a typical ring dove coo (Fig. B.1), more interesting dynamics are exhibited during
inspiration (or inhalation) and superfast muscle activity which controls the fast but grad-
ual frequency modulations (trills) of ring dove coo (Elemans et al., 2004). We want to
investigate the trapezoidal model to examine possible relationships between changes in
model parameters and the type of vibrations.
The interpretation of the model parameters and their relationships to the actual bio-
logical forces is not a trivial task, and requires experimental validation (Mindlin et al.,
2003). In Chapter 4 and Appendix C, we address this issue by integrating the simple
trapezoidal model with experimental data of a standard coo to study the frequency mod-
ulation of trills. In songbirds, a similar approach has been employed by Mindlin et al.
(2003). The mechanisms underlying inspiration, on the other hand, are poorly inves-
tigated and they presumably require more detailed measurements and a higher-order
model with a more detailed description of the physiology. Therefore, we address here
basic questions: Which parameters of the trapezoidal model could be involved during
inhalation? Which parameters changes lead to changes in the radiated sound spectrum
that are qualitatively comparable to the more rich harmonic spectra observed during
inspiration?
We have already seen (Chapter 3) that the geometry and the rest position of the
syrinx can influence the harmonic spectra drastically, and that the trapezoidal model
can lead to more pronounced harmonics of the radiated sound pressure, due to collision
of the masses. The spectrogram is qualitatively comparable to recorded inspiration in a
typical coo of the ring dove (Streptopelia risoria).

























e1                                           e2
Expiration                                             Inspiration
Figure B.1: The spectrogram of a typical coo of the ring dove (Streptopelia risoria) consists of two
sounds elements e1 and e2 (Gaunt et al., 1982; Beckers et al., 2003b). The first part of e2 is amplitude
modulated, which gives rise to a trill-like, rolling quality (Beckers et al., 2003b).
Figure B.2: Recorded PPTAS (measured by C. P. H. Elemans).
upper and lower mass. We implement in this section possible asymmetries in the geom-
etry of the model in order to investigate potential mechanisms during inspiration which
can lead to more pronounced harmonics and oscillations at relatively low pressure (see
Fig. B.2: inspiration starts at 1260 msec. The pressure gradient |∆P| acting on the labia,
assuming Psup = 0, is in the order of 3-4 cmH2O). As pointed out in Chapter 3, there is
almost no information available on the prephonatory shape of vibrating tissues in avian
phonation studies. Therefore, we will explore changes in the syringeal width and in the
syringeal shape. The former is represented by the parameter a0i (assuming for simplic-
ity a01 = a02), the latter by the ratio
a02
a01
, which induces an asymmetry between lower
and upper rest areas. Furthermore, the shape of the syrinx allow us to slightly alter the
length of the first plate d1 and study asymmetries between lower and upper plate.
The bifurcation diagrams presented here were obtained by means of the software
XPPAUTO, spectrograms and simulations by means of code and Graphical User Inter-
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B. Bifurcation analysis and inspiration
1
Figure B.3: The GUI of the MATLAB code employed in the simulations.
faces (GUIs) implemented in MATLAB (Fig. B.3).
B.1
Bifurcation diagrams
Prephonatory shape and syrinx geometry are analyzed in this section. We relate these
results to possible mechanisms underlying inspiration. Bifurcation diagrams of the vari-
ables x1 and x2 versus the pressure Ps with the standard set of parameters (see Table 3.2
on p. 54) are shown in Fig. B.4b, B.6b and B.7b. All units are given in grams, centime-
ters, milliseconds and their relative combinations. With the standard set of parameters
we found coexistence of a small and a large limit cycle (we will denote them as Λ1 and
Λ2, respectively) in the range 425-535 Pa1 (see Chapter 3 and Fig. B.4b).
For a convergent syrinx (or convergent prephonatory shape, i.e. a01 > a02, see Fig.
B.4a) we observe an increased onset and a longer duration of Λ2. However, the bifur-
cation diagrams are qualitatively comparable to the rectangular case (Fig. B.4a): Λ1 is
collision-free, transitions from Λ2 (with collisions) to Λ1 are observed due to a loss of
stability of Λ2.
A divergent syrinx, on the other hand, leads to more instabilities (Fig. B.4c): the
software XPPAUTO detected bifurcation points (BP) and period doubling bifurcation PD
(for details, see Ermentrout, 2001) which do not appear in the case of a rectangular and
1We remark that 100 Pa = 0.001 gcm ms2 ' 1 cmH2O.
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B.1. Bifurcation diagrams
convergent glottis. Moreover, the Λ2 seems to loose the stability at about 800 Pa (0.008
g
cm ms2 , see Fig. B.4b) but no stable branch was detected by XPPAUTO. Oscillations run
for increasing Ps values, however, seem to confirm a region were chaotic oscillations
occur (see Fig. B.5). At Ps = 0.012
g
cm ms2 (12 cmH2O), a jump to a qualitatively
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Figure B.4: Bifurcation diagrams of the variables x1 and x2 versus Ps (in
g
cm ms2 ) for (a) divergent, (b)
rectangular and (c) divergent syrinx. Dotted lines represent unstable limit cycles or fixed points, solid
lines stable limit cycles or fixed points. Values of xi, i ∈ {1,2} below the dashed horizontal line (in red)




























































Figure B.5: Oscillations for increasing pressure and a divergent glottis (see Fig. B.4c) confirm regions
were chaotic oscillations occur. Left panel: x1 versus Ps and spectrogram of the relative U̇ (right panel).
At approximately 0.012 gcm ms2 , small increase of subsyringeal pressure seems to induce a sudden jump
to a qualitatively different (periodic) oscillation.
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B. Bifurcation analysis and inspiration
Interestingly, the situation just described for changes in the prephonatory shape of
the syrinx is similar if we vary the first plate elongation (Fig. B.6). An increase of the
first plate length (d1 = 0.06 cm, see Fig. B.6a) leads to bifurcation diagrams qualita-
tively similar to the case of the convergent syrinx, whereas a reduction of the first plate
length (d1 = 0.02 cm, see Fig. B.6c) leads to more instabilities such as period doublings.



































−3 d1 = 0.04 (default)
x
1









−3 d1 = 0.04 (default)
x
2








−3 d1 = 0.02
x
2












































−3 d1 = 0.04 (default)
x
1









−3 d1 = 0.04 (default)
x
2








−3 d1 = 0.02
x
2













Figure B.6: Bifurcation diagrams of the variables x1 and x2 versus Ps (in
g
cm ms2 ) for (a) d1 = 0.06 cm,
(b) d1 = 0.04 cm, (c) d1 = 0.02 cm. Dotted lines represent unstable limit cycles or fixed points, solid
lines stable limit cycles or fixed points. Values of xi, i ∈ {1,2} below the dashed horizontal line (in red)
represent collision of the masses mi, i ∈ {1,2}.
A reduction of the rest areas does not induce qualitative changes in the bifurcation
diagrams of the variable xi versus Ps (see Fig. B.7), but the onset of oscillations de-
creases according to a0i.
B.2
Simulations of inspiration
The bifurcation analysis suggests that implementation of asymmetries can lead to quali-
tative changes of the output spectrum: we have seen that a divergent configuration leads
to more instabilities and that onset of oscillations is reduced by reducing the rest areas.
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B.2. Simulations of inspiration
a)
b)
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Figure B.7: Bifurcation diagrams of the variables x1 and x2 versus Ps (in
g
cm ms2 ) for (a) almost closed
syrinx (a01,a02 ' 0 cm) and (b) default rest areas values (a01,a02 = 0.003 cm). Dotted lines represent
unstable limit cycles or fixed points, solid lines stable limit cycles or fixed points. Values of xi, i ∈ {1,2}
below the dashed horizontal line (in red) represent collision of the masses mi, i ∈ {1,2}.
Before proceeding in the simulation of the inspiratory part of the coo by varying
the model parameters related to rest areas and syrinx prephonatory shape, namely a0i
(i ∈ {1,2}) and a02a01 , we run several bifurcation diagrams of the pressure Ps versus the
model parameters in order to gain further insights on possible mechanisms underlying
inspiration (Fig. B.8). Moreover, Fig. B.8a and Fig. B.8h will be recalled in Appendix
C when deriving the scaling functions Q(t) and a0i(t), respectively (compare Fig. 4.4e-d
on p. 76). The diagrams confirm that the onset of oscillations is reduced by reducing the
rest areas (Fig. B.8h, right branch) and that the onset of oscillations is lower for a con-
vergent prephonatory shape (Fig. B.8d, right branch) than for a divergent prephonatory
shape (Fig. B.8d, left branch). Interestingly, for an almost closed syrinx, onset of oscil-
lations is lower for a divergent syrinx than for a convergent syrinx. In other words, by
setting a01,a02' 0 as default, the bifurcation diagram of B.8d changes qualitatively (see
Fig. B.9a versus Fig. B.9b-c). It is commonly known (Scherer and Titze, 1983; Titze,
1988) that a rectangular or slightly convergent configuration is optimal for the onset of
oscillations in vocal folds, contrarily to divergent or strongly convergent configurations.
In the trapezoidal model, for rest areas close to zero, a divergent configuration seems to
be optimal for the onset of oscillation. However, if we assume a divergent prephonatory
shape and we increase Ps, close to the Hopf bifurcation (onset of oscillation), the shape
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Figure B.8: Bifurcation diagrams of the trapezoidal model: Oscillation onset pressure (in gcm ms2 ) versus
different parameters. The colored area above each bifurcation line denotes the region where oscillation
of the masses occurs. The dot represent the default parameter value.
of the syrinx (syringeal areas a1 and a2) becomes rectangular or even slightly convergent
(Fig. B.10a). On the other hand, a convergent prephonatory shape causes the labia to
increase the convergence, therefore to move away from the optimal configuration (Fig.
B.10b). More pressure is then required to trigger oscillations of the labia.
B.2.1 Simulations setup
In order to perform simulations of the inspiratory part of the coo, the expiratory part of
the coo was simulated by means of time-dependent control parameters, namely Ps(t),
a0i(t) and Q(t).
The subglottal pressure Ps(t) was build from experimental measurements of the
PPTAS (see Fig. B.2) by picking some point of the pressure trace and connecting them
linearly. The ripples in the PPTAS (between 700 and 900 msec in Fig. B.2) were omitted
for simplicity. The rest areas a0i are assumed to be constant and in a slightly convergent
shape (a01 > a02).
The function Q(t) is a time-dependent parameter which reproduces the frequency
modulation (FM) of the coo by affecting masses and tension parameters (see Appendix
C for details). Q(t) is assumed for simplicity to follow the same time course described
by Ps(t). First, we scaled Ps(t) to obtain a normalized function Qnorm(t) ∈ [0,1] in order
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Figure B.9: Oscillation onset pressure versus a01. On each panel, the shaded area represents oscillation
of the masses. The dot on the bifurcation line indicates the default rest areas values of the simulation,
i.e., a rectangular prephonatory shape (a01 = a02). Consequently, as in Fig. B.8d, each point located at
the left of the vertical dotted line represents a divergent prephonatory shape (a02 > a01, cf. the default
constant value of a02 in the bottom left frame), whereas each point located at the right represents a
convergent shape (a02 < a01). Decreasing the rest areas (panel a) to c)) the qualitative changes in the
bifurcation lines show a lower onset for a divergent prephonatory shape.
to obtain approximately the same fundamental frequency of the recorded coo (Fig. B.1)
in our simulations. Second, we built the trill as a sinusoidal function τ(t) with frequency
at approximately 30 Hz (Elemans et al., 2004) and amplitude A ' 110 chosen to match
the frequency modulation of the trill (with this choice, FM ranges from 0.9F0 to 1.1F0
during trill). The function τ(t) is defined only for t values within trill onset t1 and trill
offset t2, otherwise τ(t) = 0. The numbers t1, t2 were estimated on the basis of Fig. B.1.











( t1000 is due to the chosen unit in milliseconds).
Two aspects justify our oversimplified assumptions: these simulations were run with
the experimental data reported in Chapter 4 not yet available, and we can test the be-
haviour of the trapezoidal model under the effect of time dependent driving parameters.
Concerning this last point, it is worth to remark that simulations of the expiratory part
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Figure B.10: Syringeal areas oscillations for narrow prephonatory shape (rest areas close to zero) and
increasing Ps (x axis) in
g
cm ms2 . Panel (a): slightly divergent syrinx. Ps (always acting on the first mass via
the lower plate d1) causes the oscillating areas a1,a2 to reach the optimal configuration for the onset of
oscillations (slightly convergent) at a value ≈ 0.0007 gcm ms2 (' 0.7 cmH2O). Panel (b): slightly conver-
gent syrinx. Ps increases the “convergency”
a01
a02
and more pressure is needed to sustain oscillation (onset
at ≈ 0.0008 gcm ms2 ).
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B.2. Simulations of inspiration
of the coo resemble qualitatively a typical ring dove coo (Fig. B.11). Even with our
basic assumptions, this is not a trivial result: we showed in Chapter 3 that in the trap-
ezoidal model different parameter values can lead to distinct oscillation patterns, and
small perturbations induced jumps from one attractor to the other. In general, nonlin-
ear dynamical systems (see Section 2.2) make the principle of superposition no longer
applicable, and different excitations may result in totally different time-courses. In a
typical ring dove coo (and in our first simulations), register transitions to aphonia, pe-














b)   Q
0
0.02
a)   Ps  [g cm
−1 ms−2 ]
Figure B.11: First simulation of a ring dove coo. Driving parameters (a-b), (c) oscillogram of the flow
derivative and (d) relative spectrogram.
B.2.2 Results
During inspiration, we assume the pressure gradient acting on the labia to be Ps(t) =
|PPTAS|, i.e., we assume Ps = Psup and Psup = 0. In this “reversed” condition, the
prephonatory shape is set as consequence from slightly convergent to slightly diver-
gent. Furthermore, we adduct the labia in order to obtain oscillations at relatively low
onset. Finally, the fundamental frequency is assumed to be constant in the order of 13
of the standard F0 of the trapezoidal model to match approximately the fundamental
frequency of the coo.
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B. Bifurcation analysis and inspiration
Simulations based on these assumptions are shown in Fig. B.12, where the ex-
piratory part ends at about 1260 milliseconds, followed by the onset of inspiration:
Ps ' |PPTAS| (Fig. B.12a), the fundamental frequency is controlled by Q(t) ' 13 (Fig.
B.12b), rest areas adduct and the prephonatory shape becomes divergent (Fig. B.12c).
The resulting spectrogram is shown in Fig. B.12d. As we can see, a more rich har-
monic spectrum characterizes the inspiratory part of the coo, in qualitative agreement
with the recorded sounds of the ring dove coo during inhalation and consistently with
the bifurcation analysis (Fig. B.4,B.6, B.7), which suggests that such spectrograms are




































Figure B.12: Simulation of inspiration by means of time-series describing the changes of parameters in
the trapezoidal model. a) Ps(t), b) Q(t) which controls the fundamental frequency, c) rest areas and d)
spectrogram of the resulting flow derivative. At inspiration (1260 msec), rest areas are “reversed” and
slightly adducted (moved towards zero).
In Fig. B.13 we run several simulations with the same time courses employed in
Fig. B.12 and varying in turn rest areas a01 (x axis) and a02 (y axis). We framed the
spectrograms qualitatively comparable to Fig. B.12d according to the relative energy
(e.g., color) of the second and third harmonic with respect to the fundamental. These
spectra are located in the region denoting a divergent prephonatory shape (e.g., on the
top left surface with respect to the diagonal dashed line) and rest areas close to zero
(e.g., close to the diagonal dashed blue line). Oscillations are also set on for an open
rectangular syrinx and rest areas close to zero (spectrograms along the diagonal dashed
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Figure B.13: Simulations of the inspiratory part of the coo for varying rest areas (compare Fig. B.12d
after approx. 1260 milliseconds) produce spectrograms showing strong harmonics (dark frame) in the
region denoting a divergent prephonatory shape (i.e., on the top left surface with respect to the diagonal
dashed blue line) and rest areas close to zero (i.e., close to the diagonal dashed blue line).
blue line), but, probably due to the syrinx geometry, no collision occur and therefore the
energy at the fundamental is relatively stronger than the harmonics.
It is likely that more mechanisms than those suggested here are involved during in-
spiration of a ring dove coo. The second harmonic of inspiration seems to follow the
fundamental frequency of the expiratory part (Fig. B.1), suggesting the appearance of
period doublings. Period doublings appeared also in several simulations with the trape-
zoidal model (see Fig. B.4, B.6 and Chapter 3). However, we cannot find a quantitative
agreement because of the lack of experimental data and the oversimplified physiology
of the trapezoidal model. Moreover, the scaling of the frequency during inspiration is
not supported by experimental validation, but is set in order to match the fundamental
frequency of the coo. However, we have confirmed that the geometry and rest position
of the syrinx can influence the radiated sound spectrum drastically and that a divergent
prephonatory shape could underlie the more rich harmonic spectrum of the inspiratory
part of the ring dove coo. Adduction of the labia could be involved in this process to




dependent parameters in the
trapezoidal model
In Chapter 4, we argue that the syringeal muscles, bronchial pressure and the transmural
pressure affect the geometry and tension of the LTM. We hypothesize that
À activity by the TL muscle (PTL) modulates syringeal aperture and
Á the sum of the transmural pressure and muscle stress (Psum = Pt + PTL) modulates
LTM tension.
We implemented the above hypotheses in our model:
À The modulation of rest areas (i.e. syringeal aperture) described by the function
a0i(t) is a linear function of PTL, the stress generated by the tracheolateralis mus-
cle, TL (Fig. 4.3d).
Á The tension modulation, described by the function Q(t) is a linear function of
Psum(t).





As discussed in Chapter 4, the measured values of the stress due to TL (function PTL(t))
are in the range [minPTL,maxPTL] = [0,20] kN/m2. Simulations of the model indicate
that the corresponding range at rest areas a0i ([mina0i,maxa0i]) is between -3 and 1 mm2
(-0.03 and 0.01 cm2 in the default model units, respectively). To obtain the function







Eq. C.1 is the linear transformation which scales PTL (t) between mina0i and maxa0i.
Geometrically, Eq. C.1 describes the line passing for the points (minPTL,mina0i) and
(maxPTL,maxa0i). Therefore, because [minPTL,maxPTL] ' [0,20], denoting ∆a =







In order to choose numeric values of the bounds mina0i and maxa0i, we looked at the
function PTL in relation to the sound off- and on-set of the coo spectrogram (Fig. C.1a).
For instance, assuming a constant average pressure Ps during coo of approximately 15
cm H2O (0.005
g
cm ms2 ) based on air sac pressure measurements (see Chapter 4), we
could translate the bounds minPTL = 0, maxPTL = 20 into mina0i and maxa0i by means
of the bifurcation diagram of the onset pressure versus rest areas (Fig. C.1b), following
a general rule of thumb dictated by consistency reasons:
í No oscillation (sound offset) at each local minima of PTL: mina0i must be a value
on the x axis (Fig. C.1b) whose corresponding onset (on the y axis) is higher than
Ps
í Oscillation (sound onset) at each local maxima of PTL: maxa0i must be a value
on the x axis (Fig. C.1b) whose corresponding onset (on the y axis) is lower than
Ps
í Preserve proportions: Sound offset happens at approximately 34 of the maximal
PTL stress (see Fig. C.1a). Therefore, we expect the onset of oscillations to corre-
spond at approximately 34 of the maximal a0i(t) elongation (Fig. C.1b).
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min a0i sound onset  max a0i−0.03 0.02






























Figure C.1: Scaling functions of the rest areas a0i(t) controlled by TL activity. (a) TL activity (PTL, solid
line) is compared to the corresponding sound spectrogram. On- and offset of oscillations are estimated
and (b) translated into possible mina0i and maxa0i values according to the bifurcation diagram describing
the onset of oscillations for varying rest areas a0i.
However, because Ps is not constant during trill and the mechanics underlying a coo are
quite complex, we run several simulations with varying rest areas bounds mina0i and
maxa0i.
In Fig. C.2a-i, the function a0i(t) has extremes mina0i and maxa0i which are shown
in the first column (the shaded area denotes the range of rest areas values according to
the bifurcation line describing the sound onset). Simulations run with a0i(t) produce
oscillating areas a1 and a2, flow derivative U̇ and relative spectrogram which are shown
in the second, third and fourth column, respectively. As we can see, the gate of trill is
not trivial. For small values of ∆a (Fig. C.2a-d) some of the trill elements are not repro-
duced, as well as for larger values of ∆a (Fig. C.2f-h). Trill is successfully reproduced
if we increase ∆a and decrease mina0i (Fig. C.2i), or if we increase both mina0i and
maxa0i (Fig. C.2e). In the latter case, however:
À the scaling bounds [mina0i,maxa0i] = [−0.002,0.01] are not consistent with for-
mer reasoning (preserving proportions)
Á as discussed in Chapter 4, simultaneous pressure and flow recordings suggest that
the syrinx is mostly closed in between sound elements during trill (Gaunt et al.,




































































































































































































































































Figure C.2: The scaling functions a0i(t) implemented with different ranges [mina0i, maxa0i] (shaded
area in figures a) to i), first column) produce oscillating areas a1 and a2, flow derivative U̇ and relative
spectrogram which are shown in the second, third and fourth column, respectively (In figures a) to i), first
column, superimposed on the shaded area is the bifurcation diagram of the onset pressure versus a0i).
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C. Implementation of time dependent parameters











































Figure C.3: Oscillating area values (y axis) for given prephonatory glottal width (x axis). The line repre-
sents stable fixed points (no oscillations). Onset of oscillation starts at rest areas values above approxi-
mately -0.005 cm2.
area are greater than zero (Fig. C.2e, second column), the syrinx does not close
in between each trill element.
As we can see in Fig. C.3 the lower the rest areas, the lower the resulting value of
ai, and consequently more pressure is needed to open the syrinx (we remark that Ps is
not constant during the coo. In Fig. C.3 we show simulation with a constant pressure
of 0.02 gcm ms2 to approximate the values of Ps in the silent periods between each trill
element). Concluding, experimental evidence and simulations suggest that a consistent
range is [mina0i,maxa0i] = [−0.03,0.01] cm2, as depicted in Fig. C.2i.
C.1.2 Frequency modulation
In Section C.1.1, we introduce a scaling factor to transform the range of PTL values
linearly to the range of rest areas. In a similar way we rescale the range of Psum to Q
values between 0.8 (minQ) and 1.2 (maxQ) to match the frequency range of the coo
(see Fig. 4.4e on p. 76).
We implemented tension modulation of the LTM by means of parameter Q(t) which
re-defines the masses and the stiffness of the LTM as a function of time: m(t) = mQ(t) ,
k(t) = kQ(t), where mass m and stiffness k are the default values (Table 4.2). Several
implementations of Q have been used in Ishizaka and Flanagan (1972) and Steinecke
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C.1. Scaling functions
Description Symbol Old value New value (increase in %)
mass (g) m (m1 = m2) 1.0 ·10−3 1.7 ·10−3 (+70%)
stiffness ( gms2 ) k (k1 = k2) 20.0 ·10
−3 22.0 ·10−3 (+10%)
damping constant ( gms ) r 1.0 ·10−3 1.2 ·10−3 (+20%)
coupling constant ( gms2 ) kc 5.0 ·10
−3 6.0 ·10−3 (+20%)
Table C.1: Parameter values rescaled to match the fundamental frequency of the recorded coo.




Section 2.1.1). Consequently, as explained in Chapter 4 (eq. 4.2 on p. 78), the funda-
mental frequency of oscillation F (t) is:
F (t) = Q(t)F0 (C.3)
According to eq. C.4, the function Q(t) describing the variation of masses and stiffness







Matching values of minQ and maxQ with the standard set of parameters (Table 3.2)
were found to be in the order of [minQ,maxQ] ' [0.25,1] (see Fig. C.4). Although
recorded and simulated spectrograms show a consistent similarity, we found two incon-
sistency points with the choice of this range:
À muscle activity lowers the default values of tissue and masses (minQ,maxQ≤ 1).
It would be more reasonable to hypothesize that a muscle activity modulates the
elastic properties of the tissue around the default values. Moreover,
Á the bounds of Q(t) (minQ,maxQ ≤ 1) cause the syrinx to open in between each
trill element, because of the decreased masses and stiffness values which oppose
less resistance to the subsyringeal pressure Ps. Therefore, the syrinx closes for
constant Q = 1 due to the action of PTL as described in Section C.1.1, but opens
when we further implement Q(t) as a function of Psum, due to the decreased values
of masses and stiffness.
We assumed that Psum(t) modulates tissue mass and stiffness around their default
values, and therefore we rescaled the model parameters as shown in Table C.1. The new
parameters values rescale the fundamental frequency from F0 ' 0.7118 kHz to F0 '
0.5725 kHz. In the standard trapezoidal model (Zaccarelli et al., 2006, see Chapter




) - a measure for viscous loss of energy in the focal
fold tissue - is in the order of values set for human vocal cords (Ishizaka and Flanagan,
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C. Implementation of time dependent parameters
1972; Steinecke and Herzel, 1995). To maintain approximately the same ζ value as in
the previous parameters set, we slightly increased r. Consequently, ζ decreases from
0.1118 to 0.0981 (' −12%), but is still in the order of 0.1 (Ishizaka and Flanagan,
1972).
With the new parameter set, the frequency ranges around the default values. We
chose the values [minQ,maxQ] = [0.8,1.2], i.e., the frequency ranges during coo from
0.8F0 to 1.2F0. The syrinx is closed in between trills and the frequency matches the
radiated sound frequency, as described in Chapter 4 (see Fig. C.5).
C.2
Possible improvements
We have shown the process of scaling PTL and Psum into time-series describing variation
of a0i and Q, respectively. The spectrogram obtained with the ranges [mina0i,maxa0i] =
[−3,1] mm2 and [minQ,maxQ] = [0.8,1.2] are qualitatively comparable to the recorded
spectrogram of the ring dove coo (see Chapter 4). The syrinx is closed in between trill
elements, consistent with experimental observations due to the action of TL. Psum acts as
a frequency modulator, varying the parameter Q (and consequently, the elastic properties
of the labia, e.g., masses and stiffness) around the default parameters.
The fundamental frequency of the simulated trill matches the fundamental frequency
of the recorded coo consistently (see Chapter 4). However, the transmural pressure Pt
is very small compared to the pressure PTL that can be exerted on the LVM by the
TL muscle (1.0 kPa vs 20 kPa): the resulting frequency range of the simulated trill
elements should therefore be increased (compare Fig. C.5 bottom panel with Fig. C.5
top panel, last three trill elements, second and third harmonic). Simulations suggest that
the contribution of the transmural pressure Pt in the function Psum is somehow higher
than obtained with a simple non-weighted algebraic sum, Psum = PTL +Pt . To maintain
closure of the syrinx in between each trill element, we suggest possible improvements
in future studies:
í An algebraic sum Psum = PTL +αPt , α > 1. This implementation is equivalent to
choose a TL component along the masses displacement, because the TL does not
insert perpendicular on the syrinx (Fig. 4.1). Because the functions driving the
parameters are scaled, a decreased contribution of TL (Psum = βPTL +Pt , β < 1)





























































Figure C.4: Spectrograms of a trill. Top panel: recorded ring dove coo. Bottom panel: flow derivative U̇
of the simulation obtained with [minQ,maxQ]' [0.25,0.875].
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Figure C.5: Spectrograms of a trill. Top panel: recorded ring dove coo. Bottom panel: flow derivative U̇






í Increase ∆Q, i.e., scale [minQ,maxQ] to values lower and higher, respectively,
than 0.8 and 1.2. This is somehow what has been done with the previous set of
parameters (Fig. C.4). However, the scaling function would apply to the function
Q(t) = Psum(t), and therefore the decreased value of minQ would cause again
the syrinx to open in between each trill element. Possible implementations of a
further driving parameter which controls the minima of Q could be investigated,
and could explain the increasing onset of pressure during trill (C. P. H. Elemans,
unpublished results). In this framework, we could hypothesize that the ST, which
does not affect the output spectrogram and was not implemented for simplicity,
could have the role of controlling the position of the syrinx, thus affecting the
elastic properties of the tissue and counteracting the decreased minQ.
1From equation C.1, assuming Psum = 1α PTL +Pt and minPsum = 0, the function Q is obtained by






β (PTL + 1β Pt)
β max(PTL + 1β Pt)
=
(PTL + 1β Pt)
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